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The  polyadenylate  tail  is  a common  feature  of  most  higher  eukaryotic,  and  all 
yeast,  messenger  RNAs.  Many  of  the  functions  attributed  to  the  poly(A)  tail  are 
cytoplasmic  (e.g.  translation  initiation  and  mRNA  stability).  While  the  poly(A)  tail  is 
generated  in  the  nucleus,  nuclear  functions  of  the  poly(A)  tail  are  less  well  understood. 
The  overall  goal  of  this  study  was  to  investigate  the  role  of  the  poly(A)  tail  in  mRNA 
biogenesis  and  nucleocytoplasmic  export. 

Cytoplasmic  functions  attributed  to  the  poly(A)  tail  depend  on  the  cytoplasmic 
poly(A)  tail-binding  protein  Pablp  (PABPl  in  metazoans).  Pablp  interaction  with  the 
poly(A)  tail  is  essential,  and  much  of  our  current  understanding  of  cytoplasmic  poly(A) 
tail  metabolism  has  resulted  from  studies  on  Pablp  and  its  associated  proteins.  To 
understand  better  the  role  of  the  poly(A)  tail  in  nuclear  pre-mRNA  processing,  we  first 
identified  Nab2p  as  a candidate  nuclear  poly(A)  tail-binding  protein.  The  powerful 
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genetic  tools  available  in  yeast  were  then  utilized  to  elucidate  putative  functions  for  the 
Nab2p-poly(A)  tail  complex  in  the  regulation  of  gene  expression  at  the 
posttranscriptional  level. 

The  identification  of  proteins  that  interact  with  Nab2p  in  vivo  suggested  unusual 
roles  for  this  hnRNP  in  both  regulation  of  mRNA  poly(A)  tail  length  and  mRNA  export. 
Genetic  analysis  using  conditional  lethal  nab2  alleles  confirmed  roles  for  Nab2p  in  these 
two  processes.  Surprisingly,  the  appearance  of  long  poly(A)  tails  did  not  affect  cell 
viability  since  a nab2-21  cold-sensitive  strain  showed  long  poly(A)  tails  at  both 
permissive  and  restrictive  growth  temperatures.  Screening  of  a cDNA  library  generated 
using  hyperpolyadenylated  RNA  indicated  that  only  mRNAs  carried  long  poly(A)  tails. 
In  vitro  polyadenylation  assays  suggested  that  Nab2p  might  be  directly  required  for 
regulating  poly(A)  tail  length  in  the  absence  of  Pablp.  Moreover,  analysis  of  the  lengths 
of  poly(A)  tails  of  individual  transcripts  synthesized  in  vivo  suggested  preferential 
hyperpolyadenylation  of  stress-responsive  mRNAs.  Consistent  with  this  latter  result,  the 
nab2-21  strain  showed  impaired  growth  under  osmotic  and  oxidative  stress  conditions. 
Thus,  Nab2p  may  play  an  important  role  in  the  stress  response  by  regulating  poly(A)  tail 
lengths  of  stress  response  transcripts. 

Although  long  poly(A)  tails  were  not  deleterious  to  growth,  loss  of  cell  viability 
correlated  with  nuclear  poly(A)^  accumulation  in  all  nab2  mutants  examined.  Indeed, 
PABl  was  identified  as  a high  copy  suppressor  of  a nab2  null  allele,  and  elevated  levels 
of  Pablp  completely  resolved  the  nuclear  poly(A)^  RNA  export  block.  These  results 
suggest  the  hypothesis  that  formation  of  a ribonucleoprotein  complex  between  the 
poly(A)  tail  and  either  Nab2p  or  Pablp  is  essential  for  mRNA  export  from  the  nucleus. 
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INTRODUCTION 


The  primary  and  most  abundant  products  of  RNA  polymerase  II  (RNA  pol  II) 
transcription  are  heterogeneous  nuclear  RNAs  (hnRNAs)  including  pre-mRNAs 
(Weighardt  et  al.,  1996).  Transcription  of  hnRNA  occurs  in  the  nucleus.  Multiple 
processing  events  convert  the  hnRNA  into  a functional  mRNA,  which  is  transported 
through  the  nuclear  pore  complex  (NPC)  to  the  cytoplasm  for  translation  into  protein. 
Processing  events  in  mRNA  biogenesis  include  5 ’-cap  formation,  pre-mRNA  splicing, 
transcription  termination,  3 ’-end  cleavage  and  polyadenylation,  adenylate  methylation, 
mRNA  editing,  and  nucleocytoplasmic  export  (Figure  1)  (Swanson,  1995;  Weighardt  et 
al.,  1996).  Each  RNA  processing  step  is  a potential  control  point  that  the  cell  may  utilize 
for  regulating  expression  from  a gene. 

RNA  processing  steps  do  not  occur  isolated  from  other  events.  Rather,  RNA 
processing  events  are  coordinately  regulated,  with  many  steps  dependent  on  the  previous 
and/or  next  step.  This  allows  the  identification  of  aberrant  transcripts  before  they  are 
exported  to  the  cytoplasm,  where  translation  might  produce  toxic  by-products  (Jacobson 
and  Pelts,  1996).  Heterogeneous  nuclear  ribonucleoproteins  (hnRNPs)  play  vital  roles  at 
many,  if  not  all  levels  of  RNA  processing  (Weighardt  et  al.,  1996).  The  importance  of 
accurate  and  timely  RNA  processing  is  demonstrated  by  the  number  of  human  genetic 
disorders  attributed  to  defects  at  many  different  levels  of  RNA  processing  (Antoniou, 
1995;  Higgs  et  al.,  1983). 
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Figure  1.  Schematic  representation  of  RNA  processing  events  that  occur  during 
mRNA  biogenesis.  The  first  modification  to  the  hnRNA  is  5 ’-cap  formation.  Capping 
typically  occurs  within  20-30  nucleotides  of  initiation.  Pre-mRNA  splicing  of  introns 
and  3 ’-end  formation  complete  the  modifications,  and  the  mRNA  is  transported  to  the 
cytoplasm  for  translation.  mRNA  editing  is  not  depicted  in  this  diagram.  Many  of  the 
RNA  processing  events  shown  actually  occur  cotranscriptionally. 
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RNA  Processing  Events  and  Regulation  of  Gene  Expression 
RNA  5 ’-End  Cap  Formation 

Eukaryotic  mRNAs  are  structurally  modified  cotranscriptionally  at  their  5 ’-end  by 
the  addition  of  a non-templated  7-methylguanylate  (m  G)  via  a 5’  to  5’  phospho- 
anhydride  linkage  (Shatkin,  1976).  Addition  of  the  cap  occurs  very  soon  after 
transcription  initiation,  with  the  majority  of  capping  occurring  between  20  to  30 
nucleotides  after  initiation  (Rasmussen  and  Lis,  1993;  Salditt-Georgieff  et  al.,  1980). 
This  is  undoubtedly  facilitated  by  selective  binding  of  the  guanylyl  transferase  to  the 
elongating  RNA  polymerase  II  (Cho  et  al.,  1997;  Yue  et  al.,  1997). 

The  cap  participates  in  many  RNA  processing  events.  Protection  of  mRNA  from 
5’  exoribonucleases  was  one  of  the  first  fimctions  attributed  to  capping  (Furuichi  et  al., 
1977;  Shimotohno  et  al.,  1977).  The  cap  has  also  been  shown  to  play  a role  in  pre- 
mRNA  splicing.  In  the  nucleus,  the  cap  is  bound  by  a cap-binding  complex  (CBC) 
composed  of  two  proteins,  CBC80  and  CBC20  (Izaurralde  et  al.,  1994;  Ohno  et  al., 
1990).  It  is  through  interactions  with  the  CBC  that  the  cap  affects  splicing,  as 
immunodepletion  of  CBC80  from  HeLa  cell  extracts  inhibited  in  vitro  splicing 
(Izaurralde  et  al.,  1994).  Capped  pre-mRNAs  injected  into  Xenopus  oocytes  are  also 
processed  more  efficiently  than  uncapped  precursors  (Inoue  et  al.,  1989). 
Nucleocytoplasmic  export  of  mRNAs  and  U snRNAs  is  also  facilitated  by  the  presence 
of  a 5’-cap  (Jarmolowski  et  al.,  1994),  and  a cap  is  required  for  translation  initiation  of 
most  mRNAs  (Le  et  al.,  1997).  Finally,  both  the  cleavage  and  polyadenylation  steps 
during  3 ’-end  formation  are  enhanced  by  the  presence  of  a cap.  Again,  this  is  mediated 
by  interaction  with  the  CBC  proteins  (Cooke  and  Alwine,  1996;  Flaherty  et  al.,  1997). 
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Pre-mRNA  Splicing  and  Alternative  Splicing 

Most  higher  eukaryotic  genes  contain  intervening  sequences,  or  introns,  that  must 
be  removed  from  the  pre-mRNA  in  order  to  produce  an  mRNA  capable  of  translation  into 
a functional  protein.  Surprisingly,  introns  comprise  as  much  as  90%  of  the  pre-mRNA 
sequence  in  higher  eukaryotes.  The  number  of  introns  found  in  a gene  can  exceed  50, 
with  intron  lengths  extending  past  3 million  nucleotides  (Kramer,  1995;  Tollervey,  2000). 
Exons  are  generally  much  smaller  in  size,  ranging  from  1 0-400  nucleotides. 

Introns  are  removed  from  the  pre-mRNA  by  a two-step  reaction  called  splicing. 
The  first  step  is  a transesterification  reaction  initiated  by  nucleophilic  attack  of  the  2’ 
hydroxyl  of  the  branch  point  adenosine  on  the  3 ’,5’  phosphodiester  bond  at  the  5’  splice 
site.  The  first  step  generates  the  free  5 ’ exon  with  the  3 ’ exon  still  attached  to  the  intron. 
The  second  step  is  a nucleophilic  attack  of  the  3’  hydroxyl  of  the  5’  exon  on  the  3’  splice 
site,  fusing  the  two  exons  and  liberating  the  intron.  Numerous  components  must  come 
together  in  an  orchestrated  manner  for  splicing  to  occur.  These  components  include  both 
protein  and  RNA.  Approximately  30-50  polypeptides  have  been  shown  to  associate  with 
the  spliceosome  during  the  splicing  reaction  (Gozani  et  al.,  1994).  A number  of 
spliceosome-associated  proteins  have  been  identified  as  hnRNPs  (Gil  et  al.,  1991; 
Mayeda  and  Krainer,  1992).  Another  group  of  proteins  essential  for  splicing  is  the  SR 
(serine/arginine  rich)  protein  family  (Manley  and  Tacke,  1996).  The  SR  family  of 
splicing  factors  not  only  function  as  general  splicing  factors,  but  also  influence 
alternative  splice  site  selection.  RNA  sequences  in  the  small  nuclear  RNAs  (snRNAs) 
direct  the  assembly  of  the  spliceosome  to  the  exon/intron  junctions  via  base  pairing  to  the 
pre-mRNA.  The  snRNA  U1  recognizes  a conserved  sequence  at  the  5’  exon/intron 
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junction,  while  U2  base  pairs  to  the  branch  point,  consequently  bulging  out  the  branch- 
point adenosine.  Addition  of  the  pre-assembled  tri-snRNP  U4/U6.U5  to  the  spliceosome 
is  the  next  step.  Extensive  base  pairing  between  U6  and  U2  destabilizes  the  U6/U4 
interaction,  allowing  the  transesterification  reactions  to  proceed. 

Intron  splicing  is  an  important  source  of  diversity  as  well  as  control  over  the 
protein  products  produced.  In  higher  eukaryotes,  introns  are  spliced  out  in  various 
patterns,  called  alternative  splicing.  The  end  result  is  multiple  forms  of  a protein  from 
one  gene.  Interestingly,  very  few  genes  (2-5%)  in  Saccharomyces  cerevisiae  have  been 
shown  or  predicted  to  contain  introns  (Rymond  and  Rosbash,  1 992).  Because  of  the  low 
abundance  of  intron-containing  genes,  lack  of  SR  proteins,  and  few  identified  yeast 
hnRNPs,  it  was  generally  believed  that  alternative  splicing  was  not  prevalent  in  yeast. 
However,  recent  investigation  into  the  use  of  predicted  splice  sites  in  yeast  has  identified 
two  alternatively  spliced  mRNAs,  novel  splice  sites,  and  new  introns  (Davis  et  al.,  2000). 

Pre-mRNA  3 ’-End  Formation 

The  3 ’-end  of  most  mRNAs  in  metazoans  terminates  in  a non-templated 
polyadenylate  tail.  The  only  exceptions  are  the  replication-dependent  histone  mRNAs 
from  metazoans,  which  end  in  a conserved  stem-loop  structure  (Dominski  and  Marzluff, 
1999).  Messenger  RNA  3 ’-end  formation  is  a two-step  process.  The  first  step  is 
posttranscriptional  endonucleolytic  cleavage  of  the  mRNA.  The  second  step  is 
polyadenylation  of  the  cleaved  mRNA  (Wahle  and  Keller,  1996).  Similar  to  splicing, 
factors  involved  in  the  reaction  are  directed  by  sequence  elements  in  the  mRNA.  Animal 
cells  have  four  sequence  elements  that  direct  the  cleavage  and  polyadenylation  machinery 
to  the  correct  site  (Zhao  et  al.,  1999).  These  include  the  U-rich  auxiliary  upstream 
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enhancer  (USE),  a highly  conserved  positioning  element  (AAUAAA)  located  10-30 
nucleotides  5’  of  the  cleavage  site,  and  a poly(A)  site,  typically  after  a cytosine  (Figure 
2 A).  The  final  cis-element  is  the  U/GU  rich  downstream  element  (DSE),  usually  less 
than  30  nucleotides  3’  of  the  cleavage  site. 

Required  sequence  elements  in  S.  cerevisiae  are  more  degenerate  than  in  higher 
eukaryotes  and  may  or  may  not  include  a DSE  (Figure  2B).  The  efficiency  element  (EE) 
is  UA  rich,  and  found  5 ’ to  the  poly(A)  site.  While  the  sequence  AAUAAA  will  work  in 
yeast,  the  only  requirement  of  the  positioning  element  is  that  it  is  A-rich. 
Polyadenylation  also  often  occurs  after  a cytosine  as  in  animal  cells,  but  a pyrimidine  is 
all  that  is  required.  The  lack  of  a DSE  may  be  due  to  the  close  proximity  of  genes  in 
yeast.  The  degeneracy  of  sequence  elements  may  also  facilitate  termination  of 
transcription  before  running  into  the  downstream  gene,  possibly  producing  inhibitory 
antisense  RNAs.  Interestingly,  a class  of  3 ’-end  processing  signals  in  yeast  has  been 
shown  to  function  in  both  directions  (Imiger  et  al.,  1991).  Also,  mutation  of  the  sequence 
elements  in  yeast  does  not  completely  abolish  processing,  but  instead  induces  the  use  of 
cryptic  polyadenylation  sites  (Duvel  and  Braus,  1999;  Russo  et  al.,  1993). 

In  both  mammalian  and  yeast  cells,  cleavage  and  polyadenylation  requires 
numerous  protein  factors  (Table  1).  Many  of  the  factors  have  been  isolated 
biochemically  by  reconstitution  of  an  in  vitro  3 ’-end  processing  reaction  (Barabino  et  al., 
1997;  Bienroth  et  al.,  1991;  Jenny  et  al.,  1994;  Kessler  et  al.,  1996;  Lingner  et  al.,  1991; 
Minvielle-Sebastia  et  al.,  1997;  Zhao  et  al.,  1997).  Unlike  pre-mRNA  splicing,  an  RNA 
component  is  not  required.  Cleavage  during  3 ’-end  formation  in  mammalians  requires 
five  factors:  cleavage  factor  I (CF  Im),  cleavage  factor  II  (CF  Ilm),  poly(A)  polymerase 
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(PAP),  cleavage-stimulation  factor  (CstF),  and  cleavage/polyadenylation  specific  factor 
(CPSF).  Polyadenylation  requires  three  factors:  PAP,  CPSF,  and  the  poly(A)-binding 
protein  (PABP2).  Yeast  requires  only  three  factors  for  cleavage.  These  include  cleavage 
factor  lA  (CF  lA),  cleavage  factor  IB  (CF  IB),  and  cleavage  factor  II  (CFII). 
Polyadenylation  in  yeast  requires  two  of  the  cleavage  factors,  CF  lA  and  CF  IB,  as  well 
as  PAP,  polyadenylation  factor  I (PF  1),  and  the  poly(A)-binding  protein  (Pah Ip).  Even 
though  much  has  been  learned  about  the  proteins  involved  and  their  interactions  with 
sequence  elements,  not  all  of  the  protein  components  have  been  isolated.  The 
endonuclease  responsible  for  endonucleolytic  cleavage  of  the  RNA  has  not  been 
identified  in  mammals  or  yeast. 

In  mammalian  cells,  poly(A)  tails  are  rapidly  elongated  to  a final  length  of  ~250 
nucleotides  in  two  distinct  phases.  First,  polyadenylation  proceeds  in  a distributive  mode 
until  10-12  adenosines  are  added  (Sheets  and  Wickens,  1989).  Once  a binding  site  for 
PABP2  is  created,  PABP2  associates  with  the  tail/polyadenylation  complex  and 
stimulates  processive  poly(A)  addition  (Bienroth  et  al.,  1993).  This  poly(A)  binding 
protein,  PABP2,  is  also  believed  to  regulate  the  length  of  poly(A)  addition  by  associating 
with,  and  altering  the  structure  of,  the  poly(A)  tail  once  it  reaches  250  nucleotides  in 
length.  Polyadenylate  tails  in  yeast  are  much  shorter  than  in  metazoan  cells  and  average 
around  70-90  nucleotides  in  length  (Groner  and  Phillips,  1975).  A sequence  homologue 
of  PABP2  has  not  been  identified  in  S.  cerevisiae,  so  another  protein  and/or  mechanism 
must  exist.  The  cytoplasmic  poly(A)  tail-binding  protein  (Pablp)  has  been  demonstrated 
to  regulate  poly(A)  tail  length  in  vivo  and  in  vitro  (Amrani  et  al.,  1997;  Minvielle- 
Sebastia  et  al.,  1997;  Sachs  and  Davis,  1989).  In  contrast  to  mammalian  PABP2,  Pablp 
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added  to  an  in  vitro  polyadenylation  reaction  appears  to  inhibit  the  processivity  of  PAP  in 
a concentration-dependent  manner  (Minvielle-Sebastia  et  al.,  1997;  Zhelkovsky  et  al., 
1998). 

Nucleocytoplasmic  mRNA  Export 

In  eukaryotic  cells  the  nuclear  and  cytoplasmic  compartments  are  separated  by  a 
double-layered  membrane  called  the  nuclear  envelope  (NE).  A major  consequence  of 
this  division  is  that  newly  synthesized  RNAs  are  not  accessible  to  the  translational 
machinery.  The  nuclear  envelope  is  impenetrable  to  macromolecules,  making  it  a 
formidable  barrier  to  most  cellular  components.  Transport  of  macromolecules  across  the 
nuclear  membrane  occurs  through  a complex  structure  called  the  nuclear  pore  complex 
(NPC)  (Cullen,  2000).  The  average  human  cell  nucleus  contains  approximately  4000 
NPCs.  However,  the  number  of  NPCs  is  largely  dependent  on  the  size  of  the  nucleus  and 
can  range  from  less  than  one  thousand  to  several  million.  The  amount  and  rate  of 
transport  through  NPCs  is  staggering  (greater  than  10°  macromolecules/min)  when  one 
considers  that  all  macromolecular  transport  is  conducted  bi-directionally  through  this 
structure  (Ohno  et  al.,  1998).  Obviously,  the  ability  to  regulate  transport  through  the 
NPC  is  advantageous  to  the  cell,  and  many  independent  import  and  export  pathways  have 
been  identified  for  different  classes  of  protein  and  RNA  (Cullen,  2000;  Gorlich  and 
Kutay,  1999;  Rout  et  al.,  1997;  Saavedra  et  al.,  1997;  Stutz  and  Rosbash,  1998;  Truant  et 
al.,  1998). 

Nuclear  pore  complexes  are  large,  proteinaceous  structures  with  a highly 
conserved  architecture  (Ryan  and  Wente,  2000).  The  molecular  mass  of  the  NPC  is 
estimated  around  1 25  MDa  in  vertebrates  and  60  MDa  in  Saccharomyces  cerevisiae.  The 
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nuclear  pore  complex  is  composed  of  30  to  50  unique  proteins  called  nucleoporins 
(Nups)  (Fontoura  et  al.,  1999;  Rout  and  Blobel,  1993).  These  are  assembled  into  a highly 
ordered  structure  with  eightfold  rotational  symmetry.  The  NPC  consists  of  many  sub- 
structures including  spokes  and  rings,  around  a central  channel,  that  bridges  the  nuclear 
membrane.  Extending  out  from  both  surfaces  are  fibrils.  On  the  nuclear  side,  these 
fibrils  are  connected  at  their  ends,  forming  a basket  (Ryan  and  Wente,  2000). 
Determination  of  the  structure  of  the  NPC  at  increasing  levels  of  resolution  supports  a 
receptor-mediated  model  of  translocation.  The  receptor-mediated  pathway  involves 
transport  adapters,  or  importins,  which  recognize  and  direct  macromolecules  to  the  NPC. 
The  adapter  for  protein  import  is  importin  a.  Importin  a is  responsible  for  recognizing 
the  classical  nuclear  localization  sequence  (NLS).  The  import  receptor,  importin  p, 
associates  with  the  importin  a/NLS  complex  and  targets  the  NLS-containing  protein  to 
the  nuclear  pore.  Some  hnRNPs  appear  to  have  their  own  dedicated  importin.  Kapl04, 
in  yeast,  is  essential  for  the  nuclear  accumulation  of  the  yeast  hnRNPs  Nab2p  and  Nab4p 
(Aitchison  et  al.,  1996). 

The  directionality  of  translocation  is  driven  by  a GTP/GDP  concentration  gradient 
that  is  established  across  the  nuclear  membrane.  GTPase  activity  is  higher  in  the 
cytoplasm,  resulting  in  a higher  cytoplasmic  concentration  of  RanGDP.  RanGDP  has  a 
lower  affinity  for  the  importin  ap  complex,  which  allows  its  dissociation  in  the 
cjdoplasm.  In  the  nucleus,  RanGTP  is  the  prevalent  form.  RanGTP  associates  with  the 
incoming  NLS-importin  aP  complex,  causing  release  of  the  NLS-containing  protein, 
while  allowing  export  of  the  RanGTP-associated  importins. 
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Messenger  RNA  export  is  also  mediated  by  adapter-receptor  interaction.  Export 
adapters  have  been  identified  in  both  metazoans  and  yeast.  In  yeast,  Mex67p  binds  to, 
and  directs,  mRNA  to  the  nuclear  pore  (Segref  et  al.,  1997).  This  is  accomplished  by 
interaction  of  Mex67p  with  Yralp  and  Mtr2p,  which  binds  the  nucleoporin  Nup85p 
(Santos-Rosa  et  al.,  1998;  Strasser  and  Hurt,  2000).  The  Mex67p/Mtr2p  complex  also 
binds  to  repeat  sequences  in  multiple  other  nucleoporins  (Straser  et  al.,  2000).  In 
reference  to  NLS-mediated  protein  import,  Mex67p  is  considered  the  export  adaptor,  and 
Mtr2p  the  export  receptor.  It  is  not  clear  at  this  point  however  what  RNA  sequences,  or 
structures,  are  required  for  Mex67p  interaction,  or  how  this  interaction  is  regulated. 

Additional  Posttranscriptional  Modifications 

Base  methylation  is  a frequent,  but  poorly  understood  modification  that  occurs  in 
higher  eukaryotes.  Methylation  at  nitrogen  6 (N^)  of  adenylate  residues  is  common  in 
higher  organisms  (mammals),  but  less  frequent  in  yeasts  and  slime  molds.  A very 
interesting  aspect  of  methylation  is  that  the  majority  of  base  methylation  occurs  in  exons, 
not  introns  (Lavi  et  al.,  1977).  Preferential  base  methylation  of  ribosomal  RNA  is  also 
observed,  and  it  has  been  proposed  that  methylation  protects  the  RNA  that  is  maintained 
in  the  final  product.  However,  studies  using  methylase  inhibitors  imply  that  methylation 
is  required  for  nuclear  RNA  processing.  Adenylate  methylation  has  been  found  flanking 
introns,  suggestive  of  a potential  role  in  splicing.  Treated  cells  have  also  been  shown  to 
accumulate  intron-containing  pre-mRNAs  in  the  nucleus  (Carroll  et  al.,  1990). 

Editing  of  mRNA  involves  either  the  modification  of  specific  nucleotides  or  the 
insertion  of  nucleotides  to  alter  the  coding  capacity  of  an  mRNA.  RNA  editing  by 
uridine  addition  is  fairly  common  in  the  mitochondria  of  the  flagellate  protozoa 
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Leishmania,  Trypanosoma,  and  Crithidia  (Simpson  and  Shaw,  1989).  In  metazoans, 
RNA  editing  of  mRNA  is  also  used  to  create  new  alternative  splice  sites  and  alter  codons 
(Rueter  et  al.,  1999).  RNA  editing  has  been  shown  to  be  required  for  embryonic 
erythropoiesis  (Wang  et  al.,  2000)  and  generating  antibody  diversity  by  facilitating 
immunoglobin  class  switch  recombination  and  somatic  hypermutation  (Longacre  and 
Storb,  2000;  Liber,  2000). 

Another  example  of  altering  the  coding  potential  of  an  mRNA  is  RNA  editing  of 
the  apolipoprotein  B mRNA.  In  this  case,  the  glutamine  codon  2153  (CAA)  is  converted 
to  a translation  stop  codon  (UAA)  by  a cytidine  deaminase.  The  result  is  the  production 
of  a truncated  form  of  the  protein  (apoB48),  which  is  required  for  dietary  lipid 
absorption.  The  catalytic  subunit  of  the  apoB  mRNA  editing  enzyme  has  been  identified 
in  tissues  and  cell  lines  that  do  not  express  the  apoB  mRNA  (Hodges  and  Scott,  1992). 
Thus,  editing  in  this  fashion  is  likely  to  occur  on  other  mRNAs.  Two  other  cases  of 
mRNA  editing  involve  a glutamine  (CAG)  to  arginine  (CGG)  in  the  glutamate-activated 
cation  channel  (GluRB)  mRNA  and  U to  C editing  (CUC  CCC)  in  the  Wilms  tumor 
susceptibility  gene  (WTI)  (Sharma  et  al.,  1994;  Sommer  et  al.,  1991).  Editing  of  GluRB 
mRNA  is  an  extremely  efficient  process.  More  than  99%  of  the  GluRB  mRNA  is  edited, 
which  changes  the  gating  and  ion  conductance  of  the  receptor.  Recently,  editing  was 
identified  in  the  mRNA  of  the  sheep  oxytocin  receptor,  suggesting  that  mRNA  editing 
may  be  more  prevalent  in  regulating  receptor  function  than  previously  thought  (Feng  et 


al.,  2000). 
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Interaction  Between  RNA  Processing  Steps 

It  is  clear  that  each  step  of  RNA  processing  is  interconnected  with  other  events  in 
the  biogenesis  of  mRNA.  Not  only  do  posttranscriptional  RNA  processing  events  affect 
each  other,  they  impact  the  transcriptional  and  translational  machinery. 
Nucleocytoplasmic  export  of  mRNA  is  also  highly  dependent  on  accurate  processing  of 
the  htiRNA  into  mRNA  (Proudfoot,  2000). 

Transcription 

Most  RNA  processing  events  are  coupled  to  transcription  in  vivo.  This  is  true  for 
5 ’-capping,  pre-mRNA  splicing  and  3 ’-end  formation.  Coupling  of  these  events  can  be 
attributed  to  binding  of  RNA  processing  factors,  specifically  to  the  phosphorylated  form 
of  the  carboxy-terminal  domain  (CTD)  of  RNA  polymerase  II.  During  transcription 
initiation,  the  hypophosphorylated  CTD  of  RNA  pol  II  is  primarily  associated  with 
transcription  factors  (TFs).  The  CTD  of  the  elongating  RNA  pol  II  is  highly 

phosphorylated  upon  promoter  clearance,  which  releases  many  of  the  TFs  involved  in 
transcription  initiation,  also  potentially  freeing  the  CTD  for  loading  of  RNA  processing 
factors.  Both  of  the  en2ymes  responsible  for  5 ’-cap  formation,  the  guanylyl  transferase 
and  methylase,  have  been  shown  to  bind  to  the  phosphorylated  form  of  the  CTD  (Cho  et 
al.,  1997;  McCracken  et  al.,  1997).  Capping  has  been  shown  to  occur  within  the  first  10 
to  30  nucleotides,  most  likely  facilitated  by  CTD-associated  capping  factors  (Rasmussen 
and  Lis,  1993;  Salditt-Georgieff  et  al.,  1980).  Interestingly,  many  genes  stall 
transcriptional  elongation  soon  after  initiation.  One  study  of  three  independent 
transcripts  showed  that  5 ’-capping  was  coincident  with  transcriptional  stalling/pausing 
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(Rasmussen  and  Lis,  1993).  It  is  tempting  to  speculate  that  capping  may  be  the 
determinant  for  switching  transcriptional  initiation  to  elongation. 

Splicing  of  introns  from  the  pre-mRNA  has  been  shown  to  occur 
cotranscriptionally  in  many  instances  (Bauren  and  Wieslander.,  1994;  Beyer  and  Osheim, 
1988).  Although  it  is  unclear  as  to  which  of  the  numerous  splicing  factors  associate  with 
the  CTD,  it  is  clear  that  proteins  with  homology  to  splicing  regulator  proteins  (SR 
proteins)  bind  the  CTD  (Kim  et  al.,  1997;  Yuryev  et  al.,  1996).  Specific  SR  proteins  may 
also  be  pre-loaded  in  a promoter-dependent  manner.  For  example,  intron  removal  from 
an  alternatively  spliced  fibronectin  gene  varied  depending  on  the  promoter  used  (Cramer 
et  al.,  1997).  Transcription  rates  can  also  influence  alternative  splicing.  Correctly 
positioned  transcriptional  pause  sites  allow  splicing  of  an  intron  that  is  normally  skipped 
(Roberts  et  al.,  1998). 

Transcription  is  also  coupled  to  3 '-end  formation  at  the  level  of  transcriptional 
termination  (Yonaha  and  Proudfoot,  2000).  The  first  indication  that  transcription 
termination  was  dependent  of  3 '-end  formation  came  from  mutational  analysis  of 
polyadenylation  signals.  It  is  well  documented  that  in  the  absence  of  functional  3'-end 
processing  signals,  transcription  fails  to  terminate  at  the  correct  site  (Duvel  and  Braus, 
1999;  Greger  et  al.,  2000;  Proudfoot,  1989).  In  yeast,  when  transcription  does  terminate, 
either  cryptic  polyadenylation  sites  or  the  cleavage  and  polyadenylation  signals  of  a 
downstream  gene  are  utilized  (Russo  et  al.,  1993).  Coupling  of  3'-end  cleavage  to 
termination  is  achieved  by  the  interaction  of  cleavage  factors  with  the  CTD.  It  has  been 
demonstrated  that  CPSF  is  initially  associated  with  TFIID,  a general  transcription  factor. 
Whereas  most  TFs  dissociate  after  promoter  clearance  and  phosphorylation  of  the  CTD, 
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CPSF  is  transferred  to  the  elongating  RNA  polymerase  11  (Dantonel  et  al.,  1997).  This 
factor  is  responsible  for  recognizing  the  consensus  AAUAAA  positioning  element  during 
3'-end  cleavage.  Association  with  the  elongating  RNA  pol  II  ensures  that  this  sequence  is 
displayed  to  CPSF  immediately  after  it  is  generated.  Coupling  has  also  been 
demonstrated  in  yeast.  Studies  in  S.  cerevisiae  demonstrated  that  only  cleavage  was 
coupled  to  transcription  termination.  Temperature-sensitive  mutants  in  various  cleavage 
factors  failed  to  terminate  at  the  non-permissive  temperature,  while  polyadenylation 
factor  mutants  did  not  (Birse  et  al.,  1998). 

Pre-mRNA  Splicing  and  3 ’-End  Formation 

Splicing  has  been  shown  to  have  an  enhancing  effect  on  3'-end  formation. 
Specifically,  3'-terminal  intron  splicing  enhances  the  usage  of  a proximal  poly(A)  signal 
(Cooke  and  Alwine,  1996;  Niwa  et  al.,  1990).  Coupling  of  splicing  and  3'-end  formation 
has  also  been  shown  to  function  in  the  reverse  order.  That  is,  mutations  to  poly(A) 
signals  result  in  decreased  efficiency  of  3 '-terminal  intron  splicing,  but  not  of  distal  splice 
sites  (Niwa  and  Berget,  1991).  This  implies  interactions  between  factors  at  the  3'  splice 
site  with  cleavage  factors,  consistent  with  a model  of  exon  definition,  where  exon 
boundaries  are  defined  by  processing  factors/RNA-binding  proteins. 

Splicing  does  not  always  facilitate  the  use  of  3'-end  formation  signals.  Splicing 
factors  can  also  down  regulate  the  use  of  a 3'-end  processing  site.  The  U1  snRNP  has 
been  shown  to  inhibit  polyadenylation  (Ashe  et  al.,  1997).  This  is  also  seen  by  the  failed 
recognition  of  polyadenylation  sites  that  have  been  inserted  into  introns  (Adami  and 
Nevins,  1988).  Unless  splice  sites  are  mutated,  or  weak  to  begin  with,  the  poly(A)  signal 
is  overlooked.  The  poly(A)  polymerase  is  also  directly  affected  by  the  U1  snRNP  A 
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(UlA).  Direct,  physical  interaction  of  a UlA  dimer  with  PAP  inhibits  polyadenylation 
(Gunderson  et  al.,  1994).  This  interaction  is  used  to  auto-regulate  the  amount  of  UlA 
produced  by  limiting  the  amount  of  its  own  mRNA. 

mRNA  Export 

Nucleocytoplasmic  export  of  mRNAs  is  coupled  to  the  production  of  an 
exportable  mRNP  substrate.  Accurate  processing  at  all  levels  appears  required  to 
generate  an  exportable  mRNA  (Cullen,  2000).  What  constitutes  an  export-competent 
mRNP?  How  is  the  protein  composition  of  an  exportable  mRNA  different?  What  RNA 
processing  events  are  coupled  to  export  and  how?  The  first  export  signal  on  an  mRNA 
may  be  the  presence  of  a 5'-cap.  In  Xenopus  oocytes,  capped  mRNA  substrates  are 
exported  more  efficiently  than  non-capped  controls  (Hamm  and  Mattaj,  1990).  Splicing 
is  also  facilitates  mRNA  export.  Formation  of  the  spliceosome  on  an  mRNA  has  been 
shown  to  be  inhibitory  to  export.  This  is  possibly  due  to  association  of  hnRNP  C,  a non- 
shuttling hnRNP,  with  the  3'-end  of  introns  (Swanson  and  Dreyfuss,  1988).  More 
recently,  the  process  of  splicing  has  been  demonstrated  to  facilitate  mRNA  export.  It  was 
shown  that  spliced  mRNPs  (from  an  in  vitro  reaction)  were  exported  rapidly  and 
efficiently  when  injected  into  Xenopus  oocytes.  However,  an  mRNP  lacking  the  intron 
was  not  (Luo  and  Reed,  1 999).  The  conclusion  was  that  splicing  of  the  mRNA  directed 
the  assembly  of  an  mRNP  specifically  recognized  by  export  factors.  The  protein 
component,  Aly,  specific  to  this  mRNP  was  recently  identified  in  metazoans  (Zhou  et  al., 
2000).  The  yeast  homologue  of  Aly,  is  Yralp.  Yralp  interacts  directly  with  Mex67p,  a 
known  mRNA  export  factor  (Strasser  and  Hurt,  2000;  Stutz  et  al.,  2000).  Another  RNA 
binding  protein,  Y14,  was  found  to  preferentially  associate  with  spliced  mRNAs 
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(Kataoka  et  al.,  2000).  TAP,  the  vertebrate  homologue  of  Mex67p,  was  also  present  in 
the  Y 1 4-containing  hnRNP  complex.  This  suggested  that  the  complex  was  exportable. 

Accurate  3 ’-end  formation  is  also  required  for  mRNA  export.  It  was  initially 
believed  that  the  presence  of  a poly(A)  tail  was  all  that  was  required.  When 
microinjected  into  oocytes,  the  presence  of  a poly(A)  tail  facilitates  export.  Later,  in 
mammalian  cells,  it  was  shown  that  a poly(A)  tail  was  essential  for  export  (Huang  and 
Carmichael,  1996).  Surprisingly,  this  study  also  concluded  that  the  process  of 
polyadenylation,  not  just  the  presence  of  a 3 ’-terminal  poly(A)  tail,  is  required  for  export. 
This  suggests  that  cleavage  and  polyadenylation  also  generates  an  mRNP  that  is 
recognized  as  export-competent,  although  the  specific  factor(s)  have  not  been  identified. 
One  possible  conclusion  is  that  nuclear  processing  events  imprint  the  mRNA  while  in  the 
nucleus  (Figure  3).  Sequences  downstream  of  the  cleavage  site  in  mammalian  genes 
have  also  been  shown  to  bind  to  hnRNP  C (Moore  et  al.,  1988;  Wilusz  et  al.,  1990). 
Since  hnRNP  C does  not  leave  the  nucleus,  this  may  also  prohibit  the  export  of  an  mRNA 
before  it  is  cleaved  and  polyadenylated. 

The  HnRNP/RNA  Complex  is  the  Substrate  for  Nuclear  RNA  Processing  Events 

The  substrate  for  RNA  processing  reactions  is  not  naked  RNA,  but  a complex 
between  hnRNA  and  nuclear  RNPs  (hnRNPs).  As  soon  as  the  hnRNA  emerges  from  the 
RNA  polymerase  II  it  is  recognized  and  bound  by  hnRNPs  in  a sequence  specific  manner 
to  form  the  hnRNP  complex.  It  is  this  complex  of  protein  and  RNA  that  is  the  substrate 
for  all  subsequent  RNA  processing  reactions. 


Figure  3.  Schematic  representation  of  RNA  processing  events  that  generate  an 
export-eompetent  mRNP.  The  proteins  Y14  and  Aly  were  shown  to  associate  with 
mRNAs  that  are  spliced,  suggesting  that  pre-mRNA  splicing  marks  the  mRNA  by  the 
addition  of  these  proteins.  TAP,  the  human  homologue  of  the  yeast  export  adapter 
Mex67p,  is  also  present  in  Y 1 4-containing  mRNPs.  The  process  of  3 ’-end  formation  has 
also  been  shown  to  facilitate  mRNA  export.  However,  imprinting  factors  such  as  Y14 
and  Aly  have  not  been  identified  for  3 ’-end  formation. 
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HnRNP  Identification  and  Classification 

HnRNPs  were  originally  identified  as  proteins  that  associate  with  hnRNA,  and  are 
not  stable  components  of  other  ribonucleoprotein  complexes  (RNPs)  such  as  small 
nuclear  RNPs  (snRNPs)  (Dreyfuss,  1993).  The  identification  of  hnRNPs  has  progressed 
from  using  co-sedimentation  and  UV-induced  crosslinking  to  immunopurification  using 
monoclonal  antibodies  (Dreyfuss  et  ah,  1984;  Pinol-Roma  et  ah,  1988;  Wilk  et  ah,  1985). 
Using  these  methods,  more  than  20  major  proteins  in  hnRNP  complexes,  designated 
hnRNP  A 1 to  hnRNP  U,  were  identified  as  well  as  numerous  less  abundant  components. 
While  the  diversity  of  hnRNPs  seen  in  vertebrates  is  lacking  in  other  organisms,  hnRNPs 
have  been  identified  in  numerous  distant  organisms  including  Xenopus,  Drosophila,  and 
Saccharomyces.  Due  to  their  intimate  association  with  hnRNA,  hnRNPs  were  originally 
speculated  to  function  in  mRNA  biogenesis.  Evidence  has  accumulated  suggesting  that 
hnRNPs  play  vital  roles  at  many,  if  not  all,  levels  of  RNA  processing  (Weighardt  et  ah, 
1996). 

Structure  and  Function  of  HnRNPs 

HnRNPs  are  very  abundant  proteins.  The  core  hnRNPs  (Al,  A2,  Bl,  B2,  Cl,  C2) 
are  as  abundant  as  core  histones  (70-90  x 10®  / HeLa  cell)  and  more  abundant  than 
ribosomes  (4  x 10®  / HeLa  cell).  HnRNPs  also  contain  highly  conserved  structural  motifs 
required  for  RNA  binding.  These  are  the  consensus  sequence  RNA  binding  domain 
(RBD  or  RRM),  RGG  box,  and  KH  domain.  The  most  prevalent  structural  motif  is  the 
RBD/RRM,  also  called  the  RNP  motif  This  domain  is  often  found  in  multiple  copies  in 
many  pre-RNA  binding  proteins  (Dreyfuss,  1993).  The  RGG  box  is  a short  region  of  20 
to  25  amino  acids  that  contains  several  arginine-glycine-glycine  (RGG)  tripeptide 
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repeats.  RNA  binding  characteristics  of  the  RGG  box  differ  with  respect  to  the  protein 
that  contains  it.  Some  RGG  box  domains  bind  RNA  without  sequence  preference 
(Ghisolfi  et  al.,  1992).  Others,  like  that  in  hnRNP  U,  are  sequence  specific.  The  K 
homology  (KH)  domain  was  originally  identified  in  hnRNP  K (Matunis  et  al.,  1992; 
Siomi  et  al.,  1993).  This  domain  is  also  evolutionarily  conserved  and  has  been 
demonstrated  to  bind  RNA  in  vitro. 

Pre-mRNA  Splicing 

HnRNPs  have  been  shown  to  function  in  many  RNA  processing  events. 
Numerous  hnRNPs  have  a role  in  pre-mRNA  splicing  and  alternative  splicing. 
Antibodies  against  hnRNPs  Al  or  C1/C2  inhibit  the  5'-cleavage  reaction  during  splicing 
(Choi  and  Dreyfuss,  1984;  Sierakowska  et  al.,  1986).  HnRNP  Al  is  involved  in  the 
regulation  of  5'  splice  site  choice  by  activating  use  of  distal  5'  splice  sites  in  a 
concentration  dependent  maimer  (Mayeda  and  Krainer,  1992).  It  also  appears  that 
hnRNP  A 1 is  an  important  part  of  the  cellular  response  to  osmotic  stress  conditions. 
Under  osmotic  stress  conditions,  hnRNP  Al  is  phosphorylated  and  accumulates  in  the 
cytoplasm.  This  correlates  with  a shift  in  the  alternative  splicing  pattern  of  a reporter 
construct  in  vivo  (van  der  Houven  van  Oordt  et  al.,  2000).  The  polypyrimidine  tract 
binding  protein  (PTB)  has  been  identified  as  hnRNP  I,  and  its  presence  regulates  the  use 
of  3'  splice  sites.  A neurally  enriched  form  of  PTB  was  recently  identified  and  is 
implicated  in  the  regulation  of  tissue  specific  alternative  splicing  (Markovtsov  et  al., 
2000).  Splicing  of  the  c-src  neuron-specific  N1  exon  is  also  repressed  in  vitro  by  the 
addition  of  PTB  (Chou  et  al.,  2000).  HnRNPs  have  also  been  identified  in  yeast  (Wilson 
et  al.,  1994).  Interestingly,  although  Nab4p  resembles  hnRNP  Al  (by  comparison  of 
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structural  motifs),  yeast  hnRNPs  have  not  been  demonstrated  to  be  directly  required  for 
pre-mRNA  splicing. 

Pre-mRNA  3 ’-End  Formation 

The  process  of  3'-end  formation  in  metazoans  does  not  appear  dependent  on 
hnRNPs.  However,  the  yeast  hnRNP  Nab4p  was  identified  as  CF  IB,  a component  of  the 
cleavage  and  polyadenylation  complex  (Kessler  et  ah,  1997).  Nab4p  was  also  shown  to 
regulate  3'-end  cleavage  site  choice  in  vitro,  much  like  hnRNP  A1  concentration- 
dependent  regulation  of  splice  site  choice  (Minvielle-Sebastia  et  ah,  1998).  Nab2p, 
another  yeast  hnRNP,  is  required  for  poly(A)  tail  length  regulation  and  mRNA  export  in 
vivo  (Anderson,  1995;  Anderson  et  ah,  1993). 

Other  Functions  of  HnRNPs 

HnRNPs  also  bind  single-stranded  DNA,  making  them  potential  transcriptional 
regulators.  Binding  of  hnRNP  K to  the  c-myc  promoter  in  vitro  has  been  shown  to 
facilitate  transcription  (Michelotti  et  ah,  1996).  Many  hnRNPs  have  also  been  identified 
as  shuttling  proteins  (Shyu  and  Wilkinson,  2000).  Some  have  even  been  visualized 
traversing  the  nuclear  pore,  associated  with  mRNA  (Alzhanova-Ericsson  et  ah,  1996;  Sun 
et  ah,  1998;  Visa  et  ah,  1996).  While  suggestive  of  potential  cytoplasmic  functions,  only 
in  the  past  few  years  have  hnRNPs  been  demonstrated  to  function  in  the  cytoplasm. 
Translation  is  affected  by  three  different  hnRNPs  under  different  circumstances.  HnRNP 
A2  enhances  the  translation  of  a reporter  mRNA  containing  a short,  21  nucleotide,  cis 
element  (Kwon  et  ah,  1999).  Translation  silencing,  in  some  instances,  is  mediated  by 
hnRNP  K and  El,  via  inhibition  of  80S  ribosome  assembly  (Ostareck  et  ah,  1997). 
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Stability  of  mRNAs  containing  AU-rich  elements  (AREs)  has  been  linked  to  hnRNP  D. 
Binding  of  hnRNP  D to  the  ARE  correlates  with  the  decreased  stability  of  ARE- 
containing  mRNAs  (DeMaria  et  ah,  1997;  Kiledjian  et  ah,  1997;  Loflin  et  ah,  1999).  A 
eytoplasmic  role  for  Nab4p  was  also  recently  identified.  Nab4p  was  shown  to  trigger 
decay  of  mRNAs  with  a premature  stop  codon  via  the  nonsense-mediated  decay  (NMD) 
pathway  in  yeast  (Gonzalez  et  ah,  2000). 

Mechanisms  for  HnRNP  Function 

HnRNPs  are  thought  to  exert  their  functions  in  numerous  ways.  The  RNA  in  an 
hnRNP  complex  is  accessible  to  RNases,  suggesting  that  hnRNPs  promote  the  display  of 
sequenees  that  would  otherwise  be  hidden.  These  sequences  may  reeruit  splicing 
components  to  facilitate  pre-mRNA  splicing.  It  is  also  possible  that  hnRNPs  compete 
with  other  factors  for  RNA  binding  sites,  negatively  regulating  the  use  of  those  sites. 
Examples  of  this  are  seen  with  hnRNP  K and  the  inhibition  of  transcription  from  the 
neuronal  nicotinic  acetylcholine  receptor  promoter  (Du  et  ah,  1998).  HnRNPs  have  also 
been  demonstrated  to  eontain  RNA  annealing  activities.  This  may  faeilitate  the 
formation  or  destabilization  of  RNA  structures  that  could  serve  as  binding  sites  for  other 
factors.  It  is  also  possible  that  some  hnRNPs  funetion  to  directly  recruit  specific  RNA 
processing  faetors,  or  stabilize  complex  formation  on  the  RNA. 


MATERIALS  AND  METHODS 


Growth  Conditions  and  Media 

Yeast  cells  were  grown  in  either  YPD,  YPGal  (1%  Bacto-yeast  extract  (Fisher), 
2%  Bacto-peptone  (Fisher),  2%  dextrose  (Fisher)  or  2%  galactose  (Sigma,  St.  Louis, 
MO),  2%  Difco-agar  for  plates),  synthetic  dextrose  (SD),  or  S}mthetic  galactose  (SG) 
media  (0.67%  Bacto-yeast  nitrogen  base  w/o  amino  acids,  2%  dextrose  or  2%  galactose, 
2%  Difco-agar)  supplemented  with  L-amino  acids  as  needed  (Rose  et  al.,  1990).  Prior  to 
sporulation  diploid  cells  were  grown  overnight  on  pre-sporulation  plates  (0.8%  Bacto- 
yeast  extract,  0.003%  Bacto-peptone,  10%  dextrose).  Cells  were  then  transferred  to 
sporulation  plates  (1%  KOCH3,  0.025  mg/ml  ZnOCHs)  to  induce  spore  formation.  For 
liquid  cultures,  yeast  strains  were  grown  in  a water  bath  at  the  specified  temperature. 
Plasmid  shuffling  was  accomplished  by  using  5-fluoro-orotic  acid  (5-FOA,  Diagnostic 
Chem.  Ltd.)  to  evict  plasmids  carrying  URA3  (Sikorski  and  Boeke,  1991).  All  of  the 
yeast  strains  used  in  this  study  are  described  in  the  appendix. 

Bacteria  were  cultured  at  37°C  in  Luria-Bertani  media  (1%  Bacto-tryptone,  0.5% 
Bacto-yeast  extract,  1%  NaCl,  pH  7.5,  2%  Difco-agar  for  plates)  supplemented  with  100 
pg/ml  ampicillin  as  required.  Unless  otherwise  stated,  all  bacterial  plasmids  and  yeast 
shuttle  vectors  were  propagated  in  E.  coli  strain  DH5a  {supEAA  Alac  U169  [ct)80 
/acZAM15]  hsdRM  recAl  endAX  gyrA96\  thi-\  relAl). 
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Cell  Transformations 

Yeast  cell  transformations  were  performed  essentially  as  described  (Ito  et  al., 
1983).  Yeast  cells  were  grown  to  an  OD6oo-0.5  in  YPD  or  SD.  Approximately  5 ODeoo 
units  of  cells  per  transformation  were  harvested  by  centrifugation  at  1,500  x g for  5 
minutes.  Cells  were  washed  once  in  10ml  of  ice-cold  sterile  d2H20  and  pelleted  as 
before.  The  cell  pellet  was  resuspended  in  100  pi  TE/0.1  M lithium  acetate,  5 pg  of 
denatured  calf-thymus  DNA,  and  1 to  5 pg  of  plasmid  DNA.  To  the  cell-plasmid 
mixture,  600  pi  of  40%  PEG3500  in  TE/0.1  M lithium  acetate  was  added.  This  mixture 
was  incubated  at  room  temperature  for  30  minutes,  rotating  end  over  end.  Cells  were 
heat  shocked  at  42°C  for  15  minutes  and  washed  two  times  with  sterile  1 M sorbitol. 
Cells  were  resuspended  in  500  pi  sterile  1 M sorbitol  and  100  pi  of  cells  was  spread  on 
SD  plates.  SD  plates  were  supplemented  to  allow  growth  of  cells  that  received  the 
transforming  DNA. 

Bacterial  cells  (DH5a)  were  made  electro-competent  for  transformation  as 
described  previously  (Sambrook  et  al.,  1989).  Transformations  of  E.  coli  were  performed 
using  a gene  pulser  (BioRad,  Richmond,  CA)  according  to  the  manufacturer’s  instruction. 

Y east  Genetic  Manipulations 

All  genetic  manipulations  were  performed  as  previously  described  (Guthrie  and 
Fink,  1991).  Yeast  cells  were  mated  by  patching  haploid  strains  together  on  YPD, 
incubating  at  24°C  for  3 to  5 hours,  and  plating  cells  on  media  to  select  for  diploids. 
Segregation  analysis  was  done  by  digesting  the  spore  wall  for  10  to  30  minutes  in  1.0  M 
sorbitol,  0.5  mg/ml  Zymolyase  20T  (Seikagaku  Corporation,  Tokyo,  Japan).  Digested 
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asci  were  transferred  to  YPD  plates  for  micromanipulation  to  separate  individual  spores. 
Dissected  spores  were  allowed  to  germinate  and  form  colonies  at  24°C  unless  otherwise 
stated.  Cells  were  replica  plated  onto  SD  plates  to  test  for  auxotrophic  markers. 
Conditional  lethal  phenotypes  were  determined  by  replica  plating  at  various  temperatures 
or  concentration  of  stress  agents. 

Nucleic  Acid  Isolation  Procedures 

Yeast  genomic  DNA  was  isolated  from  cells  grown  in  YPD  to  OD6oo=l-3.  Five 
milliliters  of  cells  were  pelleted  by  centrifugation  at  1,250  x g for  five  minutes.  Cells 
were  resuspended  in  0.5  ml  of  1 M sorbitol,  100  pi  0.5  M EDTA,  pH  8.0,  18  pi  1 M 
dithiothreitol  (DTT,  Gibco  BRL,  MD),  and  50  pi  of  5 mg/ml  Zymolyase  lOOT  (Sekagaku 
Corp.)  and  incubated  for  1 hour  at  37°C.  Spheroplasts  were  harvested  by 
microcentrifugation  at  3,000  x g for  1 minute.  Spheroplasts  were  lysed  by  resuspension 
in  500  pi  50  mM  Tris-HCl,  pH  7.5,  20  mM  EDTA,  1/10  volume  10%  sodium  dodecyl 
sulfate  (SDS,  Gibco  BRL)  and  incubated  at  65°C  for  30  minutes,  with  periodic  mixing. 
To  remove  cell  debris,  200  ul  of  5 M potassium  acetate  was  added  and  incubated  on  ice 
for  20  minutes.  Insoluble  components  were  pelleted  by  microcentrifugation  at  1 6,000  x g 
for  1 5 minutes  at  4°C.  The  supernatant  was  transferred  to  a new  microfuge  tube  and  the 
DNA  was  precipitated  by  adding  one  volume  of  isopropanol  and  incubating  at  room 
temperature  for  10  minutes.  DNA  was  pelleted  at  16,000  x g for  1 minute  at  room 
temperature,  washed  with  70%  ethanol  and  dried  in  a SpeedVac  (Sevant,  Marietta,  OH). 
The  DNA  was  resuspended  in  250  pi  TE  and  treated  with  5 pi  of  10  mg/ml  RNase  A 
(Sigma)  at  37°C  for  1 hour.  The  lysate  was  extracted  twice  with  phenol  and  genomic 
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DNA  was  precipitated  using  1/10  volume  of  3 M sodium  acetate  (Fisher)  and  two 
volumes  of  ethanol.  The  DNA  was  recovered  by  centrifugation,  washed,  dried  and 

resuspended  in  1 00  pi  TE. 

Plasmids  were  rescued  from  yeast  using  a previously  described  method  (Strathem 
and  Higgins,  1991)  and  DNA  from  crude  lysates  was  purified  using  a Gene  Clean  kit 
(BIO  101,  Vista,  CA). 

Total  RNA  was  isolated  from  yeast  cells  by  extraction  with  65°C  acid 
equilibrated  phenol  as  previously  described  (Guthrie  and  Fink,  1991).  Cells  were  grown 
in  the  specified  media  to  OD6oo=0.5-1.0  and  harvested  by  centrifugation  at  2,000  x g for  5 
minutes  at  4°C.  After  hot  acid-phenol  extraction,  the  total  RNA  was  extracted  twice  with 
phenol  and  once  with  chloroformnsoamyl  alcohol.  RNA  was  precipitated  using  an  equal 
volume  of  4 M ammonium  acetate  and  2 volumes  of  ethanol.  Pelleted  RNA  was 
resuspended  in  diethyl  pjrocarbonate  (DEPC,  Sigma)-treated  d2H20.  Poly(A)’^  RNA  was 
isolated  from  total  RNA  by  selecting  two  times  on  oligo(dT)-cellulose  (Gibco  BRL  or 
poly(U)  Sephadex  (Amersham-Pharmacia,  Piscataway,  NJ)  as  previously  described 
(Cleaver  et  al.,  1996).  Poly(A)^  RNA  was  bound  in  binding  buffer  (10  mM  Tris-HCl,  pH 
7.4,  1 mM  EDTA,  0.5%  SDS,  0.5  M LiCl)  for  30  minutes  at  room  temperature  with 
gentle  mixing.  After  washing  thoroughly  with  binding  buffer,  poly(A)^  enriched  RNA 
was  eluted  with  elution  buffer  (10  mM  Tris-HCl,  pH  7.4,  1 mM  EDTA,  0.05%  SDS). 
When  necessary,  poly(A)^  RNA  was  concentrated  using  sec-Butanol  (followed  by  two 
phenol  extractions  and  one  chloroformdsoamyl  alcohol  extraction)  prior  to  precipitation 
with  1/10  volume  of  3 M sodium  acetate  and  2 volumes  of  100%  ethanol.  Poly(A)^  RNA 
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was  resuspended  in  DEPC-treated  d2H20  and  the  concentration  was  determined 
spectrophotometrically  by  A26o- 

DNA  and  RNA  Blot  Analysis 

Yeast  genomic  DNA  (10-20  pg)  was  treated  with  restriction  endonucleases, 
separated  by  agarose  gel  electrophoresis  and  transferred  to  a charged  nylon  membrane 
(Hybond  Amersham  Corp.,  Arlington  Heights,  IL)  by  capillary  blotting  (Sambrook  et 
al.,  1989).  Yeast  RNA  samples  were  treated  with  dimethylsulfoxide  (DMSO, 
Fisher)/glyoxal  (Sigma  or  Alrdrich)  fractionated  on  1.2- 1.6%  agarose  gels  and  transferred 
to  a charged  nylon  membrane  in  20X  standard  sodium  citrate(SSC,  3 M NaCl,  0.3  M 
Na3C6H507*2H20,  pH  7.0)  (Sambrook  et  al.,  1989).  Hybridizations  were  performed  in  a 
hybridization  oven  (Robbins  Scientific  Corp.,  Sunnyvale,  CA)  at  42°C  for  oligo  probes  or 
65°C  or  random  prime  labeled  probes,  for  a minimum  of  12  hours  in  hybridization 
solution  (1%  bovine  serum  albumin  (BSA,  Sigma),  1 mM  EDTA,  25  mM  Na2HP04 
(Fisher),  and  7%  SDS).  RNA  blots  were  washed  twice  at  room  temperature  in  2X 
SSC/0.1%  SDS  for  15  minutes,  followed  by  at  least  two  more  washes  in  0.2X  SSC/0.1% 
SDS  at  a temperature  0-5°C  below  the  hybridization  temperature  for  15  minutes  each. 
Radio-labeled  probes  were  prepared  using  a Random  Prime  Labeling  kit  (Gibco/BRL) 
and  [a^¥]-dCTP  (3000  Ci/mmol,  NEN™  Life  Sciences,  Boston,  MA).  Oligo  DNA 
probes  were  5 ’-end  labeled  using  T4  polynucleotide  kinase  (Promega  Corp.,  Madison, 
WI)  and  [y^^P]-ATP  (3000  Ci/mmol,  NEN™). 
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Yeast  Total  Cell  Protein  Isolation 

Yeast  eells  were  grown  to  OD6oo=0-5  to  1.0  and  harvested  by  centrifugation. 
Cells  were  washed  once  with  ice-cold  sterile  d2H20  and  resuspended  in  200  pi  of  ice- 
cold  10%  trichloroacetic  acid  (TCA,  Fisher).  Acid  washed  glass  beads  were  added  to  just 
below  the  meniscus.  The  glass  bead  mixture  was  vortexed  four  times  for  1 5 seconds  each 
with  cooling  on  ice  between  vortexing.  The  cell  lysate  was  removed  and  200  pi  of  fresh 
10%  TCA  was  added  to  the  glass  beads  and  vortexed  for  15  seconds.  The  wash  was 
removed  and  added  to  the  cell  lysate.  Precipitated  cellular  proteins  were  pelleted  by 
centrifugation  at  1 4,000  x g at  4°C  for  1 0 minutes.  The  protein  pellet  was  resuspended  in 
Laemmli  cocktail  and  neutralized  with  1 .0  M Tris-base.  Protein  samples  were  boiled  for 
3 minutes  prior  to  fractionation  by  SDS-PAGE. 

Tandem  Affinity  Purification  of  Nab2p 

The  carboxy-terminus  of  Nab2p  was  tagged  with  a Calmodulin  Binding  Peptide 
(CBP)  and  the  Staphylococcus  aureus  Protein  A (ProtA)  to  generate  Nab2p-TAP 
(YKN206  was  generated  by  K.  Nykamp).  A Tobacco  Etch  Virus  protease  cleavage  site 
was  included  between  the  CBP  sequence  and  ProtA.  This  allowed  for  two  successive 
rounds  of  purification.  Homologous  recombination  was  used  to  insert  the  fusion  protein 
coding  sequence  at  the  3 ’-end  of  the  NAB2  gene  in  L4717  cells,  using  the  TRPl  gene  for 
selection.  Cells  expressing  only  the  TAP-Nab2p  fusion  were  isolated  (YKN206).  To 
purify  Nab2p-TAP  from  yeast  cells,  total  protein  extracts  were  prepared  from  YKN206 
cells  grown  to  mid-log  phase  at  30°C.  Cells  were  harvested  by  centrifugation  and 


resuspended  in  Buffer  A-TAP  (10  mM  HEPES-K+,  pH  7.9,  10  mM  KCl,  1.5  mM  MgCh, 
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0.5  mM  DTT)  with  protease  inhibitors  (0.5  mM  PMSF,  2 mM  Benzamidine,  1 pM 
Leupeptin,  2 pM  Pepstatin,  4 pM  Chymostatin,  and  2.6  pM  Aprotinin).  Whole  cell 
lysates,  by  French  press,  were  cleared  by  centrifugation  at  60,000  x g for  30  minutes  at 
4°C.  This  was  followed  by  centrifugation  of  the  supernatant  at  130,000  x g for  90 
minutes  at  4°C.  The  supernatant  was  dialyzed  against  lOOOX  volume  of  Buffer  D-TAP 
(20  mM  HEPES-K+,  pH  7.9,  50  mM  KCl,  0.2  mM  EDTA,  0.5  mM  DTT,  20%  glycerol) 
with  protease  inhibitors  (0.5  mM  PMSF,  2 mM  Benzamidine)  and  stored  at  -80°C  until 
purification. 

Nab2p-TAP  was  purified  using  the  previously  described  tandem-affinity 
purification  procedure  (Rigaut  et  al.,  1999).  Protein  extracts  were  incubated  with  IgG- 
Sepharose  beads  (Amersham-Pharmacia)  at  4°C  for  2 hours.  The  beads  were  washed 
with  IPP150  Buffer  (10  mM  Tris-HCl,  pH  8.0,  150  mM  NaCl,  0.1%  NP40)  followed  by 
incubation  with  1 ml  of  TEV  Cleavage  Buffer  (10  mM  Tris-HCl,  pH  8.0,  150  mM  NaCl, 
0.5  mM  EDTA,  0.1%  NP40,  1 mM  DTT)  and  100  units  of  TEV  protease  (Gibco  BRL)  at 
16°C  for  2 hours.  Cleavage  released  Nab2p-TAP  from  the  beads  and  the  eluate  was 
collected.  Nab2p-TAP  was  re-purified  on  calmodulin  affinity  resin  (Stratagene,  La  Jolla, 
CA)  by  incubation  in  Calmodulin  Binding  Buffer  (10  mM  Tris-HCl,  pH  8.0,  150  mM 
NaCl,  1 mM  MgOAc,  1 mM  imidazole,  2 mM  CaCh,  0.1%  NP40,  10  mM  P- 

Mercaptoethanol  (BME,  Sigma)  for  60  minutes  at  4°C.  Nab2p-TAP  was  eluted  by 

addition  of  800  pi  of  Calmodulin  Elution  Buffer  (10  mM  Tris-HCl,  pH  8.0,  150  mM 
NaCl,  1 mM  MgOAc,  1 mM  imidazole,  2 mM  EGTA,  0.1%  NP40,  10  mM  P- 


Mercaptoethanol) . 
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In  vitro  3 ’-End  Processing  Assays 

In  vitro  polyadenylation  reactions  were  performed  using  a homogeneously  labeled 
precursor  RNA.  Unless  otherwise  stated,  the  substrate  RNA  used  was  pre-cleaved 
CYCl,  transcribed  from  the  p-G4CYCl-pre  plasmid,  linearized  with  Ndel.  In  vitro 
transcription  reactions  were  performed  in  50  pi  reactions  containing  1 pg  pG4CYCl-pre, 
lx  T7  transcription  buffer  (Promega),  2.0  mM  DTT,  1 pi  RNasin  (Promega),  0.5  mM 
GpppG  cap  (Amersham  Pharmacia),  0.5  mM  each  ATP,  CTP  and  0.02  mM  GTP  and 
UTP,  40  pCi  [a^^P]  UTP  (NEN^“)  and  15  units  T7  RNA  polymerase.  The  reaction  was 
incubated  at  37°C  for  1 to  2 hours.  Template  DNA  was  digested  with  RQl  RNase-free 
DNase  (Promega)  for  15  minutes  at  37°C.  The  RNA  was  phenol  extracted  and 
precipitated  in  the  presence  of  10  pg  of  RNase-free  glycogen.  The  labeled  precursor 
RNA  was  gel  purified  as  previously  described  (Sambrook  et  al.,  1989).  Cell  extracts 
competent  for  3 ’-end  processing  in  vitro  were  prepared  essentially  as  described  (Butler 
and  Platt,  1988;  Butler  et  al.,  1990).  One  liter  of  cells  was  grown  in  YPD  + Ade  to 
OD6oo=2-6,  harvested  and  resuspended  in  15  ml  of  Buffer  S (1.0  M sorbitol  (Sigma)/50 
mM  Tris-HCl,  pH  7.8,  10  mM  MgCb,  30  mM  DTT)  and  incubated  for  15  minutes  at 
room  temperature.  Cells  were  harvested  and  resuspended  in  1 5 ml  of  Buffer  S with  40- 
100  pi  of  20  mg/ml  Zymolyase  lOOT  (Seikagaku  Corp.,  Tokyo,  Japan).  This  mixture 
was  incubated  at  30°C  with  gentle  shaking  for  30-60  minutes,  until  greater  than  90%  of 
the  cells  were  spheroplasted,  as  determined  microscopically  by  cell  lysis  in  1%  SDS. 
Spheroplasts  were  collected  by  centrifugation  and  gently  resuspended  in  ice  cold  Buffer 
A (10  mM  HEPES-K+,  pH  7.0,  1.5  mM  MgCb,  10  mM  KCl,  0.5  mM  DTT,  4 mM 
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Pefabloc-SC)  with  lx  PicW  (1  M e-aminocaproic  acid,  1 M p-aminobenzamidine,  1 
mg/ml  leupeptin,  2 mg/ml  aprotinin,  in  d2H20)  and  lx  PicD  (0.5  M phenylmethylsufonyl 
fluoride  (PMSF),  5 mg/ml  pepstatin  A,  1 mg/ml  cymostatin,  in  DMSO).  The 
resuspended  spheroplasts  were  lysed  on  iee  in  a glass  homogenizer  (Wheaton,  Millville, 
NJ)  using  6 strokes  with  the  tight  pestle.  The  cell  lysate  was  brought  to  0.2  M KCl  and 
stirred  slowly  on  ice  water  for  30  minutes.  The  eell  lysate  was  cleared  first  by 
centrifugation  at  22,000  x g for  30  minutes  at  4°C.  This  was  followed  by  centrifugation 
at  145,000  X g for  60  minutes  at  4°C  in  a Ti  70.1  rotor  (Beckman).  The  whole  eell 
extract  was  removed  carefully  to  avoid  the  pellet  and  the  top  lipid  layer.  This  was 
brought  to  40%  saturation  with  ammonium  sulfate  (0.226  g/ml).  The  ammonium  sulfate 
was  allowed  to  dissolve  by  stirring  gently  on  ice  water  for  5 minutes,  and  then  ineubated 
on  ice  for  20  minutes.  The  precipitated  proteins  were  colleeted  by  centrifugation  at 
15,000  X g for  20  minutes  at  4°C  and  typically  resuspended  in  0.5-1  ml  of  Buffer  B (20 
mM  HEPES-K+,  pH  7.0,  0.2  mM  EDTA,  50  mM  KCl,  20%  glycerol,  0.5  mM  DTT,  0.4 
pM  leupeptin,  0.7  pM  pepstatin  A,  and  0. 1 M PMSF).  The  extract  was  dialyzed  at  4°C 
against  l liter  of  Buffer  B,  two  times  for  1.5-2  hours  eaeh.  The  extracted  was  aliquoted, 
flash  frozen  in  liquid  nitrogen  and  stored  at  -80°C.  In  vitro  polyadenylation  reactions 
were  performed  in  25  pi  using  2-3  pi  of  extraet,  approximately  10  fmole  of  labeled 
precursor  RNA  (-300,000  cpm),  2 mM  ATP,  20  mM  creatine  phosphate,  1 mM 
MgOCHs,  2%  polyethylene  glyeolgooo,  75  mM  KOCH3,  1 mM  DTT,  and  1 U/pl  RNasin 
(Promega)  (final  concentrations).  Reactions  were  typically  carried  out  at  30°C  for  20-30 
minutes  and  stopped  by  adding  1/10  volume  of  a stop  buffer  (2  mg/ml  proteinase  K 
(Roche  Biomedical),  130  mM  EDTA,  2.5%  SDS)  and  incubated  at  37°C  for  30  minutes. 


35 


Reactions  were  phenol  extracted  two  times,  chloroformhsoamyl  alcohol  extracted  once 
and  precipitated  using  ammonium  acetate  and  10  pg  of  RNase-ffee  glycogen.  The 
reaction  products  were  resolved  on  denaturing  6%  polyacrylamide  (29: 1 acrylamide:bis- 
acrylamide)  gels  followed  by  autoradiography. 

Indirect  Cellular  Immunofluorescence 

Subcellular  localization  of  proteins  was  performed  using  the  following  method. 
Cells  were  grown  to  an  OD6oo=0. 1-0.5  in  YPD,  unless  otherwise  stated.  For  each  strain, 
10%  formaldehyde  (freshly  prepared  from  paraformaldehyde  (EM  grade.  Polysciences, 
Warrington,  PA)  in  100  mM  KH2PO4,  pH  6.5)  was  added  to  a final  concentration  of  4% 
to  1.5  X 10*  cells  and  incubated  at  room  temperature  with  gentle  rocking  for  2 hours. 
Fixed  cells  were  pelleted  at  800  x g for  2.5  minutes  at  room  temperature  and  washed 
twice  in  25  ml  of  WBl  (100  mM  KH2PO4,  pH  6.5)  and  once  in  25  ml  of  WB2  (100  mM 
KH2PO4,  pH  6.5,  1 .2  M sorbitol).  Cells  were  pelleted  as  before,  resuspended  in  1 ml  of 
SB  (100  mM  KH2PO4,  pH  6.5,  1.2  M sorbitol,  30  mM  PME)  and  30  pi  of  10  mg/ml 
Zymolyase  lOOT  in  WB2  was  added.  Cells  were  incubated  for  30-45  minutes  until 
greater  than  90%  spheroplast  formation  was  achieved.  Spheroplasts  were  monitored  by 
phase-contrast  microscopy  (400X  magnification).  Spheroplasts  were  collected  by 
centrifugation  at  2000  x g for  1 minute  at  room  temperature  and  washed  once  with  WB2. 
Cells  were  resuspended  in  1 ml  of  WB2  and  were  adhered  to  polylysine-coated  1 0-well 
HTC  Blue  slides  (Cel-Line  Associated,  Newfeildm  NJ)  for  10  minutes  at  4°C  using  10 
pl/well.  Slides  were  washed  once  in  ice-cold  PBS  and  sequentially  incubated  at  -20°C  in 


100%  methanol  for  5 minutes  and  100%  acetone  for  30  seconds.  Slides  were  washed 
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three  times  with  PBS,  incubated  in  0.1%  Triton  X-100  (Sigma)  in  PBS  and  washed  three 
more  times  in  PBS.  Slide  wells  were  blocked  by  incubation  with  10  |al  of  3%  BSA  in 
PBS  for  30  minutes  at  room  temperature.  Primary  antibodies  were  diluted  in  3%  BSA  in 
PBS  and  incubated  at  room  temperature  for  60  minutes.  Antibodies  were  diluted  as 
follows:  3F2(1:500),  101(1:5000),  3H1(1:500),  403(1:500),  A66(l:500).  Primary 
antibodies  were  detected  using  fluorescein  or  rhodamine-conjugated  goat  anti-mouse 
IgGl  or  Ig02a  subclass-specific  antibodies  (Fisher)  diluted  1:10  in  3%  BSA  in  PBS. 
Secondary  antibodies  (10  pl/well)  were  incubated  for  30  minutes  at  room  temperature, 
washed  tree  times  in  ice-cold  PBS  followed  by  staining  with  0.5  pg/ml  4’6-diamidino-2- 
phenylindole  (DAPI)  and  washed  three  more  times  in  ice-cold  PBS.  Mounting  media  (1 
mg/ml  p-phenylenedianine  (Sigma)  in  90%  glycerol)  was  applied  and  the  slides  were 
sealed  with  a coverslip  and  clear  nail  polish.  Fluorescent  images  were  obtained  using  a 
Nikon  Optiphot-2  microscope  equipped  with  a lOOX  fluorescence/differential 
interference  contrast  (DIG)  objective,  or  by  digital  microscopy  as  described  previously 
(Wilson,  1996). 

In  Situ  Hybridization  and  Cellular  Immunofluorescence 

The  subcellular  distribution  of  poly(A)^  RNA  was  examined  by  in  situ 
hybridization  of  digoxigenin-labeled  (dT)so  (Amberg  et  al.,  1992)  using  a modification  of 
a protocol  kindly  provided  by  A.  de  Bruyn  Kops  and  C.  Guthrie  (University  of 

o 

California,  San  Francisco,  CA).  Cells  were  grown  to  OD6oo=0-5-1.0  and  1.5  X 10  cells 
were  fixed,  washed,  digested,  and  washed  again  as  for  indirect  cellular 
immunofluorescence,  and  resuspended  in  0.5  ml  WB2.  Cells  were  adhered  to  polylysine- 
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coated  slide  wells  and  treated  with  methanol  and  acetone  as  before.  Treated  slides  were 
dried  in  a Speedvac  (Savant)  for  1 minute.  Slides  were  pre- warmed  in  a 37°C  humidifier 
chamber.  Hybridization  solution  was  prepared  using  diethlpyrocarbonate-treated  water 
and  contained  10%  dextran  sulfate,  5X  standard  sodium  citrate(SSC),  IX  Denhardt’s 
solution  (0.2  mg/ml  fieol  type  400  (Sigma),  0.2  mg/ml  polyvinylpyrrolidone  (Sigma), 
BSA),  33%  deionized  formamide,  10  mM  vanadyl  ribonucleoside  complex  (Aldrich), 
100  pg/ml  denatured  salmon  sperm  DNA,  200  pg/ml  tRNA,  0.68  pg/ml  digoxigenin- 
labeled  (dT)so.  Digoxigenin  was  conjugated  to  (dT)5o  as  described  previously  (Amberg  et 
al.,  1992).  Hybridization  was  for  12-14  hours  at  37°C  followed  by  washes  to  remove 
excess  probe  as  described  previously  (Amberg  et  al.,  1992).  Individual  slide  wells  were 
sequentially  incubated  with  15  pi  of  the  following  solutions  for  30  minutes  at  37°C:  (1) 
3%  BSA  in  PBS  (antibody  binding  buffer);  (2)  anti-digoxigenin  monoclonal  antibody 
(IgGl  sub-class,  Boehringer-Mannheim)  diluted  1:50  in  AB;  (3)  fluorescein-conjugated 
goat  anti -mouse  IgGl  subclass-speeific  antibody  (Southern  Biotechnology  Associated, 
Birmingham,  AL)  diluted  1:10  in  AB.  Finally,  DNA  was  stained  by  treating  cells  with 
DAPI  as  described  above.  Following  eaeh  of  these  steps,  slides  were  washed  three  times 
in  iee-cold  PBS.  Slides  were  mounted  and  viewed  as  deseribed  above. 

Yeast  Two-Hybrid  Screen 

Proteins  that  interacted  with  Nab2p  in  vivo  were  identified  using  the 
MATCHMAKER  Two-Hybrid  System,  according  to  the  manufacturer’s  instruction 
(Clontech,  Palo  Alto,  CA).  The  coding  region  of  NAB2  was  PCR  amplified,  and 
subeloned  into  EeoRI-BamHI  digested  pGBT9  to  generate  pNAB2.GBT9.  This  plasmid 
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was  transformed  into  the  host  yeast  strain  Y190  (Harper  et  ah,  1993)  and  the  production 
of  fusion  protein  was  confirmed  by  immunoblot  analysis  using  the  monoclonal  antibody 
3F2.  This  cell  was  transformed  with  a yeast  cDNA  library,  generously  provided  by  John 
P.  Aris  (University  of  Florida,  Gainesville,  FL)  or  a human  library  (Clontech). 

Transformants  that  were  His^  and  P-galactosidase^  were  retained  for  isolation  by  plasmid 
rescue.  Interacting  proteins  were  identified  by  sequencing  the  ends  of  the  plasmid  insert 
and  comparison  to  the  yeast  genome  using  BLAST  (NCBI). 

Determination  of  Poly(A)  Tail  Lengths 

Poly(A)  tail  length  analysis  was  performed  as  described  previously  (Minvielle- 
Sebastia  et  ah,  1991).  Total  RNA  (1  pg)  was  3 ’-end  labeled  in  a 30  pi  reaction 
containing  50  mM  HEPES  pH  8.3,  5 pM  ATP,  10  mM  MgCl2,  3.3  mM  DTT,  10% 
DMSO,  300  pg/ml  acetylated  BSA,  40  pCi  of  [^^P]pCp  (NEN)  and  20  U of  T4  RNA 
ligase  (New  England  Bio-labs,  Beverly,  MA)  for  20  hours  at  0°C.  Non-poly(A)  RNA 
was  digested  using  30  pg  yeast  tRNA,  80  U RNase  Tl,  4 pg  RNase  A,  10  mM  Tris-HCl 
pH  7.5,  and  0.3  M NaCl  in  a final  volume  of  80  pi  at  37  °C  for  2 hours.  The  digestion 
was  stopped  by  adding  20  pi  of  130  mM  EDTA  pH7.4,  2.5%  SDS,  and  2 mg/ml 
proteinase  K and  incubated  at  37°C  for  30  minutes.  The  poly(A)  tails  were  phenol 
extracted  twice,  chloroformfisoamyl  alcohol  extracted  once  and  precipitated  using 
ammonium  acetate  and  5 pg  of  RNase-ffee  glycogen  (Boerhinger  Mannheim).  Poly(A) 
tails  were  fractionated  on  a 8%  denaturing  polyacrylamide  gel  and  visualized  by 
autoradiography . 
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Analysis  of  poly(A)  tail  length  on  specific  RNAs  was  performed  using  two 
methods.  First,  10-20  pg  of  total  RNA  was  incubated  with  a DNA  oligo  complementary 
to  the  3 ’-end  of  the  ORF.  This  was  incubated  with  RNase  H with  and  without  oligo  (dT) 
in  a 25  pi  reaction  containing  20  mM  Tris-HCl,  pH  7.5,  10  mM  MgCH,  1 mM  EOT  A,  20 
mM  NaCl,  2 mM  DTT,  60  pg/ml  acetylated  BSA,  800  ng  mRNA  specific  oligo,  300  ng 

oligo  (dT)i2-i8,  at  37°C  for  60  minutes.  The  digested  RNA  was  fractionated  on  a 4% 
denaturing  polyacrylamide  gel.  The  urea  was  removed  from  the  gel  by  washing  in 
transfer  buffer  (10  mM  Tris-OCH3,  pH  7.8,  0.5  mM  EDTA,  5 mM  NaOCH3)  two  times 
for  20  minutes.  Fractionated  RNAs  were  transferred  to  a charged  nylon  membrane  using 
a semi-dry  transfer  apparatus  following  the  manufacturer’s  (Gibco-BRL)  instruction. 
RNA  blots  were  probed  using  a second  DNA  oligo  complementary  to  the  remaining  3’- 
UTR. 

Ligation-mediated  reverse  transcription  PCR  (LM-RT-PCR)  was  also  used  to 
analyze  mRNA  specific  poly(A)  tail  lengths.  Poly(A)’^  digested  with  RNase-fi'ee  DNase 
(RQl  DNase,  Promega)  in  a 25  pi  reaction  containing  1/5  volume  5X  transcription 
buffer,  1 pi  RQl  DNase,  1 pi  RNasin  (40  U/pl,  Promega),  and  1 mM  DTT.  The  reaction 
was  incubated  at  37°C  for  30  minutes  followed  by  two  phenol  extractions  and  one 
chloroform:isoamyl  alcohol  extraction.  The  RNA  was  precipitated  using  ammonium 
acetate,  and  resuspended  in  DEPC-treated  d2H20  at  a concentration  of  1 pg/pl.  The 
poly(A)’^  RNA  was  diluted  to  1-10  ng  in  5 pi  of  DEPC-treated  d2H20  for  cDNA 
synthesis.  Poly(A)^  RNA  was  hybridized  to  20  ng  of  5’-phosphorylated  p(dT)i2-ig 
(Gibco  BRL)  by  incubating  at  65°C  for  10  minutes  and  transferring  immediately  to  a 
42°C  water  bath.  Ligation  was  initiated  by  adding  13  pi  of  pre-warmed  (42°C)  reaction 
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mix  (4  fxl  5X  Superscript  II  RT  buffer,  2 pi  O.I  M DTT,  1 pi  40  mM  dNTPs,  1 pi  10  mM 
ATP,  3 pi  DEPC-treated  d2H20,  1 pi  T4  DNA  Ligase  (>10  U/pl),  1 pi  RNasin)  and 
incubating  at  42°C  for  30  minutes.  While  the  reactions  were  at  42°C,  1 pi  (200  ng)  of 
oligo(dT)  anchor  [S'-GCGAGCTCCGCGGCCGCGTn]  was  added,  vortexed,  pulsed  in  a 
microfuge,  and  incubated  at  12°C  for  2 hours.  Reverse  transcription  was  started  by 
transferring  the  ligation  back  to  42°C  and  adding  1 pi  of  Superscript  II  RT  (200  U/pl, 
Gibco  BRL)  and  incubating  for  60  minutes.  The  reaction  was  stopped  by  heat 
inactivation  at  65°C  for  20  minutes.  This  was  used  directly  for  PCR  amplification  of  the 
poly(A)  tail.  Amplifications  were  performed  in  a reaction  volume  of  25  pi  (50  mM  KCl, 
20  mM  Tris-HCl,  pH  8.4,  1.5  mM  MgCb,  0.2  mM  each  dNTP,  0.5  pM  mRNA  specific 
primer,  0.5  pM  oligo(dT)-anchor,  1.0  U Taq.  Polymerase,  0.5  pi  PAT  cDNA,  5-10  pCi 
[a^^P]-dATP  and  d2H20  to  volume).  Reaction  products  were  fractionated  on  6-8% 
denaturing  polyacrylamide  gels  and  visualized  by  autoradiography. 

Isolation  of  Hyperpolyadenylated  RNAs  and  Construction  of  a cDNA  Library 

Total  RNA  was  isolated  from  1.5  liters  (3  x 500  ml  cultures)  of  GAL::NAB2  cells 
shifted  from  YPGal  to  YPD  for  16  hours.  Cells  were  harvested  by  centrifugation  at  1,500 
X g for  5 minutes  at  4°C  and  washed  once  with  40  ml  of  ice-cold  d2H20.  Cells  were 
pelleted,  resuspended  in  36  ml  of  AE  buffer  (50  mM  NaOCHa,  pH  5.3,  10  mM  EDTA) 
and  aliquoted  to  four  50  ml  conical  tubes  (9  ml  each).  To  each  of  these,  1 ml  of  10% 
SDS  was  added,  followed  by  15  ml  of  AE/phenol  (68°C).  This  was  vortexed  briefly 
every  30  seconds  for  5 minutes,  cooled  in  a dry  ice/ethanol  bath,  and  phases  separated  by 
centrifugation  at  3,000  x g for  5 minutes.  The  aqueous  phase  transferred  to  new  tubes. 
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extracted  once  more  with  1 5 ml  of  AE/phenoI,  and  precipitated  using  sodium  acetate  and 
ethanol.  Total  RNA  was  collected  by  centrifugation  at  14,000  x g for  15  minutes  at  4°C 
and  washed  with  70%  ethanol.  Finally,  the  RNA  was  resuspended  in  0.5  ml  of  DEPC- 
treated  d2H20  and  extracted  twice  with  phenol,  once  with  chloroformnsoamyl  alcohol, 
and  re-precipitated. 

To  isolate  hyperpolyadenylated  RNAs,  total  RNA  was  incubated  with  1.0  g of 
poly(U)  Sephadex  in  20  ml  BB70  buffer  (10  mM  Tris-HCl,  pH  7.4,  1 mM  EDTA,  0.5% 
SDS,  0.5  M LiCl,  70%  formamide)  at  room  temperature  for  60  minutes.  The  poly(U) 
Sephadex  was  washed  3 times  with  10  ml  BB70,  3 times  with  10  ml  BB,  and  RNAs  were 
eluted  with  by  10  washes  with  4 ml  EB  (10  mM  Tris-HCl,  pH  7.4,  1 mM  EDTA,  0.05% 
SDS)  for  5 minutes  each  at  room  temperature.  Two  20  ml  fractions  were  collected  and 
the  volume  reduced  no  more  than  10-fold  using  sec-butanol.  The  eluted  RNA  was 
phenol  extracted  twice  and  extracted  with  chloroformnsoamyl  alcohol  once.  Aliquots  of 
400  |il/microfuge  tube  were  precipitated  using  sodium  acetate  and  ethanol  in  the  presence 
of  0.5  pg  RNase-free  glycogen  at  -20°C  for  16  hours.  The  RNA  was  pelleted  at  16,000  x 
g for  60  minutes  at  4°C,  washed  with  70%  ethanol  and  resuspended  in  15  pi  total  volume. 
The  RNA  concentration  was  quantified  using  a 50  pi  cuvette  and  determining  the  A26o- 
A cDNA  library  was  prepared  from  this  RNA  using  a kit  from  Stratagene,  and  following 
the  manufacturer’s  instruction. 

High  Copy  Suppression  Analysis  of  a nab2A  Strain 

YRH201C  cells  grown  in  YPGal  were  transformed  using  polyethylene  glycol  and 
lithium  acetate  with  a YEpl3  genomic  library  (ATCC,  Rockville,  MD).  Transformed 
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cells  were  plated  onto  synthetic  dextrose  medium  lacking  uracil  and  leucine  (SD-Ura- 
Leu).  To  determine  the  transformation  effieiency,  1%  of  the  transformation  was  plated 
onto  synthetie  galactose  medium  lacking  uracil  and  leucine  (SGal-Ura-Leu).  This 
proeedure  yielded  approximately  10®  Leu^  transformants,  of  whieh  37  were  able  to  grow 
on  YPD  (Nab2p  repressive  eonditions).  These  eolonies  were  plated  to  SD-Ura-Leu  and 
screened  by  whole  eell  PCR  to  eliminate  library  plasmids  containing  the  NAB2  gene. 
The  library  plasmid  pHSN220  was  rescued  using  GENE  Clean  (BIO  101,  Vista,  CA)  and 
the  ends  of  the  insert  were  sequeneed  using  primers  MSS737  and  MSS738.  The 
sequence  identified  a 1 0 kb  region  that  ineluded  the  PABl  open  reading  frame. 

To  confirm  that  growth  complementation  was  dependent  on  the  PABl  gene,  PABl 
was  PCR  amplified  from  L4717  genomic  DNA  using  primers  MSS744  and  MSS745. 
This  fragment,  eontaining  only  the  PABl  gene,  was  cloned  into  YEpl3  to  generate 
pP AB 1 . YRH20 1 C eells  transformed  with  pPAB  1 were  plated  to  SGal-Ura-Leu.  Leu^ 
transformants  were  re-plated  to  SD-Ura-Leu  to  eonfirm  high  copy  suppression  by  PABL 
The  pGAL::NAB2  plasmid  was  also  evieted  by  seleetion  on  5-FOA,  whieh  demonstrated 
that  high  eopy  PABl  was  able  to  compensate  for  the  absenee  of  Nab2p. 

Reverse  Transcription-Polymerase  Chain  Reaction 

Total  RNA  (12  pg)  was  DNase  treated  in  a 20  pi  reaetion  eontaining  lx  T7 
transcription  buffer,  2 pi  RNase-free  DNase  (Gibco-BRL),  1 pi  RNasin  (Promega),  2 pi 
10  mM  DTT,  for  30  minutes  at  37°C.  The  RNA  was  phenol  extracted  twice,  extraeted 
with  chloroformhsoamyl  alcohol  once  and  preeipitated  using  ammonium  aeetate  and 
ethanol.  The  RNA  was  resuspended  in  DEPC-treated  d2H20  and  1 pi  of  1 pg/pl  oligo 
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d(T)  was  added  prior  to  incubation  at  70°C  for  10  minutes,  followed  by  incubation  on  ice 
for  2 minutes.  Reverse  transcription  was  initiated  by  addition  of  14  pi  of  RT-mix  (4  pi 
5x  Superscript  II  buffer,  1 pi  RNasin,  2 pi  100  mp  DTT,  2 pi  1 OmM  dNTPs,  3 pi  DEPC- 
treated  d2H20,  2 pi  Superscript  II  reverse  transcriptase)  and  incubated  at  42°C  for  60 
minutes.  The  cDNA  was  phenol  extracted  twice,  extracted  with  chloroformnsoamyl 
alcohol  once,  precipitated  using  sodium  acetate  and  ethanol  and  resuspended  in  10  pi 
d2H20.  Polymerase  chain  reaction  amplification  was  performed  using  primers 
complementary  to  sequence  5'  and  3'  of  the  suspected  intron.  Amplification  products 
were  analyzed  by  fi’actionation  on  a 1.2%  agarose  gel. 


RESULTS 


Research  Objectives 

The  polyadenylate  tail  has  been  demonstrated  to  play  a major  role  in  the 
metabolism  of  mRNA  in  the  cytoplasm.  Metabolism  of  mRNA  is  accomplished  by 
interaction  of  the  poly(A)  tail  with  the  cytoplasmic  poly(A)  binding  protein  Pablp. 
Pablp  stimulates  translation  by  recruiting  the  60S  ribosomal  subunit  (Sachs  and  Davis, 
1989).  Pablp  also  stabilizes  mRNA  by  preventing  5 ’-decapping  and  degradation. 
Messenger  RNA  degradation  is  mediated  by  activation  of  a Pablp-dependent 
deadenylase  activity  during  translation  (Boeck  et  al.,  1996;  Brown  et  al.,  1996).  Nuclear 
functions  of  the  poly(A)  tail  are  much  less  clear.  The  requirement  for  a poly(A)  tail  in 
mRNA  export  is  subject  to  dispute.  Poly(A)‘  mRNAs  injected  into  Xenopus  oocytes  are 
exported  to  the  cytoplasm,  suggesting  that  a poly(A)  tail  is  not  required  (Fischer  et  al., 
1994;  Hamm  and  Mattaj,  1990).  In  contrast,  using  COS7  cells,  it  has  been  demonstrated 
that  a poly(A)  tail  is  required  for  export  (Huang  and  Carmichael,  1996).  Experimental 
results  also  suggest  that  the  process  of  polyadenylation  is  required,  as  a templated  3'- 
terminal  poly(A)  tract  does  not  facilitate  export  (Huang  and  Carmichael,  1996).  The 
presence  of  a poly(A)  tail  may  also  protect  nuclear  hnRNA  from  nucleases  (Ford  and 
Wilusz,  1 999).  The  overall  goal  of  my  research  was  to  investigate  the  role  of  the  poly(A) 
tail  in  pre-mRNA  processing  and  nucleocytoplasmic  mRNA  export.  This  was  achieved 
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using  yeast  genetics  to  alter  the  structure  of  the  RNP-RNA  complexes  that  are  the 
substrate  for  both  processing  and  export. 

The  yeast  nuclear  polyadenylated  RNA-binding  protein  Nab2p  was  chosen  for 
investigation  due  to  its  predominant  nuclear  localization,  in  vivo  association  with  mRNA 
and  high  affinity  for  poly(A)  RNA  in  vitro  (Anderson  et  ah,  1993),  compared  to  other 
RNA-binding  proteins  such  as  Nab4p  and  Pub  Ip  that  demonstrate  little  or  no  poly(A)- 
binding  activity.  These  characteristics  of  Nab2p  make  it  a potential  functional  PABP2 
homologue. 

Factors  That  Interact  With  Nab2p  are  Involved  in  Multiple  Aspects  of  RNA  Processing 

Nab2p  binding  to  the  poly(A)  tail  may  allow  it  to  directly  interact  with  the 
polyadenylation  machinery,  or  possibly  recruit  other  factors  that  inhibit  elongation  of  the 
poly(A)  tail  and/or  mediate  mRNA  export.  Two  alternative  approaches  were  used  to 
identify  proteins  that  interact  with  Nab2p  in  vivo.  A yeast  two-hybrid  screen  using 
Nab2p  as  bait  was  performed  with  both  yeast  and  human  prey  libraries.  The  nuclear 
poly(A)  binding  protein,  PABP2,  was  identified  from  the  human  library,  suggesting  a 
role  for  Nab2p  in  poly(A)  tail  length  regulation  in  yeast  (Miller,  1998).  Also  supporting 
a role  for  Nab2p  in  3 ’-end  formation  was  the  identification  of  Nab2p  in  a two-hybrid 
screen  for  proteins  that  interact  with  Nab4p  (Krecic,  1998).  Nab4p  was  identified  as 
CFIB,  a component  of  the  3 ’-end  processing  machinery  required  for  selection  of  cleavage 
sites  (Kessler  et  al.,  1997;  Minvielle-Sebastia  et  al.,  1998).  However,  the  proteins  that 
showed  the  strongest  interactions  suggest  that  Nab2p  might  also  be  involved  in  other 
aspects  of  RNA  processing  (Table  2).  These  proteins  have  been  reported  to  function  in 
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Table  2,  Proteins  interacting  with  Nab2p 


Human 


PABP2 


hnRNPD 


Rab/hRIPl 


CUG-BPl 


Yeast 


Pablp 


Nab2p  ^ 


Nab4p 
....  Cthlp 




Gar  Ip 
Kapl04p 


Gcn3p 


Gfdlp 

Npl3p 


Ssel 


Human  protein  Function  Source 


CUG-BPl 

polyadenylation,  splicing 

(Miller,  1988) 

hnRNP  D 

mRNA  stability 

(Miller,  1988) 

PABP2 

polyadenylation 

(Miller,  1988) 

Rab/hRipl 

RNA  export 

(Miller,  1988) 

Yeast  protein 


Cthlp 

unknown 

This  study 

Cth2p 

unknown 

This  study 

Garlp'^^^ 

RNA  processing 

This  study 

Gcn3p 

translational  regulation 

(Uetz  et  ah,  2000) 

Gfdlp 

mRNA  export 

(Uetz  et  ah,  2000) 

Kapl04p^^^ 

hnRNP  nuclear  import 

K.  Nykamp,  impublished 

Nab4p 

polyadenylation,  cleavage  site  selection 

(Krecic,  1998) 

Npl3p 

mRNA  export,  pre-rRNA  processing, 
protein  import 

K.  Nykamp,  unpublished 

Pablp 

translation  initiation,  mRNA  stability 

K.  Nykamp,  unpublished 

Sselp 

heat  shock 

K.  Nykamp,  unpublished 

Genetic  interaction 
Physical  interaction 
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mRNA  export  as  well  as  mRNA  3'-end  formation,  nucleocytoplasmic  mRNA  export,  pre- 
mRNA  splicing,  and  RNA  stability. 

Biochemical  isolation  of  a soluble  Nab2p  complex  also  identified  factors  involved 
in  mRNA  export  and  polyadenylation.  A soluble  Nab2p  complex  was  isolated  using 
tandem  affinity  tag  chromatography  (K.  Nykamp,  unpublished).  Proteins  identified 
in  the  Nab2p  complex  include  Nab  Ip,  Pablp,  Kapl04p,  and  Sselp. 
NAB  1 /NPL3/NOP3/MTR1 3 has  been  implicated  in  protein  import,  poly(A)^  RNA  export, 
and  pre-rRNA  processing  (Flach  et  ah,  1994;  Lee  et  ah,  1996).  Pabpl  has  been 
implicated  in  poly(A)  tail  length  regulation  in  vitro  (Amrani  et  ah,  1997;  Minvielle- 

Sebastia  et  ah,  1997).  Kapl04p  is  the  import  adapter,  or  karyopherin  13,  which  mediates 

nuclear  import  of  Nab2p  (Aitchison  et  ah,  1996).  Sselp  is  an  HspllO  family  member 
(Liu  et  ah,  1999).  Interestingly,  SSEI  is  also  an  extragenic  suppressor  of  the  toml-2 
allele  which  is  defective  in  nucleocytoplasmic  transport  of  poly(A)'^  RNA  (Duncan  et  ah, 
2000;  Utsugi  et  ah,  1999).  These  interactions  support  a role  for  Nab2p  in  both  3 ’-end 
formation  and  mRNA  nucleocytoplasmic  export.  However,  they  do  not  rule  out  the 
possibility  that  Nab2p  is  required  for  other  RNA  processing  events,  such  as  pre-mRNA 
splicing. 

Pre-mRNA  3'-End  Processing 

The  first  question  addressed  was  how  poly(A)  tail  length  control  is  achieved  in 
yeast , in  the  absence  of  a PABP2  homologue.  Nuclear  poly(A)  tail  length  regulation  in 
yeast  could  occur  by  several  mechanisms  (Figure  4).  These  include:  (1)  regulation  of 
poly(A)  tail  synthesis;  (2)  regulation  of  deadenylation  after  poly(A)  tail  synthesis;  (3) 
competition  between  poly(A)  addition  and  mRNA  export.  Regulation  at  the  level  of 
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synthesis  could  utilize  a functional  PABP2  homologue  to  alter  the  structure  of  the 
poly(A)  tail,  or  poly(A)  polymerase  activity  may  be  directly  modified.  There  is  some 
indication  that  message-specific  deadenylation  occurs  (Brown  and  Sachs,  1998)  but  it  is 
unclear  if  this  is  a nuclear  event.  Also,  message-specific  deadenylation  does  not  directly 
address  control  of  nuclear  tail  length  since  deadenylation  occurs  after  a maximal  tail 
length  of  70-90  nucleotides  is  reached.  Competition  between  poly(A)  addition  and 
mRNA  export  is  a possible,  but  unlikely  mechanism.  Most  of  the  evidence  does  not 
support  this  mode  of  regulating  poly(A)  tail  length.  Poly(A)  tail  length  does  increase 
approximately  20  nucleotides  when  mRNA  export  is  inhibited.  However,  this  tail  length 
increase  is  limited  to  15-20  nucleotides  and  is  believed  to  be  due  to  the  loss  of 
cytoplasmic  poly(A)  trimming  activity.  As  described  below,  regulation  of  poly(A) 
addition  appears  to  be  the  predominant  mechanism  regulating  tail  length  control  in  the 
nucleus. 

Polyadenylation  of  mRNA  is  Regulated  by  Nuclear  Poly(A)  Tail  Binding  Proteins 

In  metazoans,  length  of  the  poly(A)  tail  in  the  nucleus  is  regulated  by  the  poly(A) 
binding  protein  PABP2.  PABP2  is  believed  to  inhibit  the  poly(A)  poljonerase  by  altering 
the  poly(A)  tail  structure  once  the  poly(A)  tail  reaches  200  to  250  nucleotides  (Bienroth 
et  al.,  1993).  In  contrast,  the  mechanism  for  controlling  nuclear  polyadenylation  in  yeast 
is  not  yet  clear.  Although  the  cytoplasmic  poly(A)  binding  protein  Pablp  has  been 
implicated  in  this  process  in  vitro,  Pablp  effects  on  tail  length  in  vivo  are  much  less 
dramatic,  suggesting  the  presence  of  a complementing  factor  in  vivo.  Since  a structural 
homologue  of  PABP2  does  not  exist  in  S.  cerevisiae,  poly(A)  tail  length  control  must 
occur  using  another  factor  and/or  by  a different  mechanism.  The  yeast  heterogeneous 
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nuclear  ribonucleoprotein,  Nab2p,  was  previously  identified  as  a nuclear  poly(A)^  RNA 
binding  protein  capable  of  binding  poly(A)  RNA  in  vitro  (Anderson  et  al.,  1993).  To 
determine  if  Nab2p  was  a nuclear  poly(A)  tail  binding  protein,  cells  were  metabolically 
labeled  using  [^^SJmethionine  and  subject  to  UV  cross-linking  to  covalently  link  labeled 
proteins  to  nucleic  acid.  Poly(A)^  RNA  was  isolated  using  oligo(dT)  cellulose  and 
digested  with  RNases  A and  Tl,  leaving  only  poly(A)  tracts.  The  poly(A)  tails  and 
associated  proteins  were  re-isolated  using  oligo(dT)  cellulose.  The  remaining  labeled 
proteins  were  precipitated  with  TCA(trichloroacetic  acid)  after  digesting  the  poly(A) 
RNA  with  nucleases.  Nab2p  and  Pablp  were  immunoprecipitated  from  the  pool  of 
proteins,  fractionated  by  SDS-PAGE(polyacrylamide  gel  electrophoresis),  and  visualized 
by  fluorography.  Nab2p  levels  associated  with  the  poly(A)  tail  were  approximately  5% 
of  Pablp  levels  (Figure  5).  This  level  is  in  agreement  with  the  nuelear/cytoplasmic 
poly(A)’^  RNA  distribution;  approximately  90%  of  the  poly(A)’^  RNA  in  a yeast  cell  is 
c}doplasmic  (Groner  and  Phillips,  1975).  Based  on  this,  the  amoxmt  of  Nab2p  cross- 
linked  was  expected  to  be  approximately  10%  of  Pablp.  Since  Nab2p  is  predominately 
nuclear,  these  results  suggested  that  Nab2p  is  intimately  associated  with  poly(A)  tails  in 
the  nucleus. 

To  determine  if  Nab2p  was  required  for  regulation  of  poly(A)  tail  length  in  yeast, 
conditional  lethal  nab2  alleles  were  analyzed.  Nab2p  was  depleted  in  vivo  using  a de- 
repressible/repressible  GAL:  :NAB2  allele.  The  GAL:  :NAB2  allele  was  generated  by 
placing  the  NAB2  gene  under  control  of  the  GALl  promoter.  This  was  done  in  a haploid 
strain  carrying  a NAB2  chromosomal  deletion.  Cells  survive  on  galactose  containing 
media  due  to  NAB 2 expression  from  the  GAL1::NAB2  plasmid.  When  eells  were  shifted 


Figure  5.  Nab2p  is  intimately  associated  with  the  poly(A)  tail  in  vivo.  Cellular 
protein  was  metabolieally  labeled  using  [^^S]methionine  and  labeled  proteins  were 
eovalently  linked  to  nucleic  acid  by  UV  irradiation.  Poly(A)  RNA-protein  complexes 
were  isolated  by  oligo(dT)-cellulose  chromatography.  Non-poly(A)  RNA  was  digested 
with  RNase  A and  Tl.  The  remaining  poly(A)  RNA,  and  covalently  attached  protein, 
was  re-isolated  using  oligo(dT)-cellulose,  and  poly(A)  RNA  was  digested  with 
micrococcal  nuclease.  Nab2p  and  Pablp  were  immunoprecipitated  using  monoclonal 
antibodies  3F2  and  IGl.  Immunoprecipitated  proteins  were  analyzed  by  SDS-PAGE  and 
fluorography. 
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to  glucose  containing  media,  NAB2  expression  was  repressed  and  Nab2p  levels  decreased 
as  the  endogenous  protein  degraded  (Figure  6B).  Cells  stopped  growing  because  Nab2p 
is  an  essential  protein  (Figure  6A).  Poly(A)  tail  length  was  monitored  during  Nab2p 
depletion  by  3 ’-end  labeling  total  RNA  isolated  at  various  times  after  shift  to  glucose. 
The  labeled  RNA  was  digested  with  RNases  A and  T1  to  leave  poly(A)  tracts  intact. 
Poly(A)  tails  were  fractionated  on  an  8%  polyacrylamide/urea  gel  and  visualized  by 
autoradiography.  Loss  of  Nab2p  correlated  with  increasing  poly(A)  tail  length,  implying 
that  Nab2p  was  required  regulation  of  nuclear  poly(A)  tail  length  (Figure  6C). 

Another  conditional  lethal  nab2  allele  was  isolated  by  PCR  mutagenesis 
(Anderson,  1995).  The  nab2-21  allele  contains  a deletion  of  seventh  C3H  motif  and  a 
partial  deletion  of  the  sixth  C3H  motif  at  the  carboxy-terminal  end  (Figure  7A).  This 
allele  is  cold  sensitive  at  14°C  (Figure  7B).  Analysis  of  poly(A)  tail  length  in  nab2-21 
cells  showed  hyperpolyadenylation  at  both  permissive  and  non-permissive  temperatures 
(Figure  7C).  The  seven  zinc  finger-like  C3H  motifs  in  Nab2p  were  previously  shown  to 
be  required  for  the  in  vitro  poly(A)  binding  activity  of  Nab2p  (Anderson  et  ah,  1993). 
Although  there  was  no  change  in  tail  length  during  shift  to  the  non-permissive 
temperature,  the  poly(A)  tail  defect  in  nab2-21  implies  that  Nab2p  binding  to  the 
poly(A)  tail  in  vivo  is  required  for  regulating  poly(A)  tail  length.  The  constitutive 
poly(A)  tail  length  defect  also  demonstrated  that  loss  of  regulation  of  poly(A)  tail  length 
is  not  lethal,  suggesting  that  defects  in  polyadenylation  may  impact  negatively  on  other 
RNA  processing  events.  Alternatively,  Nab2p  could  be  required  for  two,  independent, 
RNA  processing  events. 


Figure  6.  Nab2p  is  required  for  regulation  of  poly(A)  tail  length  in  vivo.  (A)  Growth 
curve  of  NAB2  vs.  GAL::NAB2  cells  following  shift  into  glucose  containing  media.  (B) 
Immunoblot  analysis  of  Nab2p  in  GAL: :NAB2  cells  after  shift  into  glucose.  Nab2p  was 
detected  using  the  anti-Nab2p  monoclonal  antibody  3F2.  The  60S  ribosomal  subunit 
protein,  Pub2p,  was  included  as  a control  for  the  amount  of  protein  loaded  per  lane. 
Pub2p  was  detected  using  the  monoclonal  antibody  2B1.  (C)  Total  RNA  from  NAB2  and 
GAL::NAB2  cells  was  isolated  at  various  times  after  shift  to  glucose,  3 ’-end  labeled  with 
[^^P]pCp,  and  digested  with  RNases  A and  Tl.  The  remaining  poly(A)  tails  were 
resolved  by  polyacrylamide/urea  gel  electrophoresis.  Indicated  size  markers  are  MspI 
fragments  from  pBR322. 
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Figure  7.  The  conditional  lethal  nab2-21  allele  affects  poly(A)  tail  length  in  vivo.  (A) 
Structural  motifs  of  Nab2p  and  Nab2-21p  are  shown.  Nab2-21p  contains  a deletion  of 
the  seventh  and  part  of  the  sixth  C3H  motifs.  (B)  NAB2  and  nab2-21  cells  were  spotted  in 
a series  of  10  fold  dilutions  and  incubated  at  either  the  permissive  or  non-permissive 
temperature  for  3 or  9 days  respectively.  (C)  Bulk  poly(A)  tail  length  analysis  of  NAB 2 
and  nab2-21  eells  grown  at  both  permissive  and  non-permissive  temperatures  indieates  a 
constitutive  defeet  in  regulation  of  poly(A)  tail  length.  Markers  correspond  to  MspI  cut 
pBR322  fragments. 


58 


Nab2p 

Nab2-21p 


Q3P  rgg 


C3H 


■■■■■ 
■ ■■■a 

V'*  V'* 

mm  m m 

aaaaa 

aaaaa 

aaaaa 

[ 

> • ^ • "Si  • N V’* 

V**  V*«  <•  i/**  i/** , 

mm  H H Hia 

100  200  300  400  500  aa 

B 


NAB2 

nab2-21 


14“C  30°C 


37°C 


59 


All  mRNA  Polyadenylate  Tails  are  not  Regulated  by  Nab2p 

Analysis  of  polyadenylate  tail  length  performed  by  3 ’-end  labeling  depicts  only 
the  distribution  of  poly(A)  tail  lengths  in  the  cell  and  does  not  allow  identification  of  the 
hyperpolyadenylated  RNA.  Since  polyadenylation  has  been  shown  to  occur  on  snRNAs, 
snoRNAs,  and  the  RNA  component  of  the  telomerase  enzyme,  it  was  important  to 
identify  the  hyperpolyadenylated  RNA  (Abou  Elela  and  Ares,  1998;  Chapon  et  al.,  1997; 
van  Hoof  et  al.,  2000).  To  determine  if  mRNA  was  the  affected  RNA  species,  poly(A) 
tail  lengths  for  several  different  mRNAs  were  analyzed.  In  the  presence  of  RNase  H, 
mRNA-specific  DNA  oligonucleotides  were  incubated  with  total  RNA  from  wild  type  or 
nab2  mutant  strains.  This  cleaves  the  RNA  close  to  the  3 ’-end  allowing  better  resolution 
of  the  poly(A)  tail.  Reactions  were  also  carried  out  with  or  without  oligo  (dT),  to  remove 
the  poly(A)  tail.  The  remaining  RNA  fragments  were  fractionated  on  a denaturing 
polyacrylamide  gel  and  transferred  to  a charged  nylon  membrane.  RNA  blots  were 
probed  using  5 ’-end  labeled  oligonucleotides  complementary  to  the  remaining  3’-UTR. 
This  method  was  used  to  analyze  poly(A)  tail  length  for  CYH2,  RPS23,  TPIl,  and  PGKl 
from  various  nab2  strains.  For  each  case,  poly(A)  tail  length  analysis  failed  to  detect 
specific  mRNAs  that  were  hyperpolyadenylated.  Surprisingly,  poly(A)  tails  for  some 
mRNAs  tested  actually  grew  shorter  with  loss  of  Nab2p  function  (Figure  8).  This 
shortening  of  poly(A)  tails  suggested  two  possibilities.  First,  deregulation  of  poly(A)  tail 
length  in  nab2  mutants  does  not  affect  mRNAs.  Second,  not  all  mRNAs  are  regulated  in 
the  same  manner.  Thus,  Nab2p  may  be  required  for  regulating  tail  length  of  a subclass  of 
mRNA.  To  determine  between  the  two  possibilities,  two  alternative  approaches  were 


Figure  8.  Analysis  mRNA  specific  poly(A)  tail  length  does  not  reproduce  the 
hyperpolyadenylation  defect  seen  by  bulk  poly(A)  tail  analysis.  Total  RNA  isolated 
from  NAB2  and  GAL::NAB2  cells  at  various  times  after  shift  to  glucose  containing  media 
was  incubated  with  a DNA  oligo  specific  to  the  3 ’-end  of  the  mRNA.  RNase  H was  used 
to  digest  the  RNA  in  the  DNArRNA  hybrid.  In  a separate  control  reaction,  oligo(dT)  was 
included  to  remove  the  poly(A)  tail.  The  RNA  was  fractionated  on  a denaturing 
polyacrylamide  gel  and  transferred  to  a charged  nylon  membrane.  A 5 ’-end  labeled 
oligo,  specific  to  the  remaining  3’-UTR,  was  used  to  probe  the  blot.  (A)  Oligo-directed 
RNase  H cleavage  - poly(A)  tail  analysis  of  CYH2  during  Nab2p  loss.  (B)  Poly(A)  tail 
analysis  of  RPS23A  during  Nab2p  loss.  Two  separate  distributions  of  poly(A)^  RPS23A 
RNA  are  a result  of  two  major  3 ’-end  cleavage  sites  utilized  during  3 ’-end  formation. 
Results  for  TPIl  and  PGKl  also  showed  no  signs  of  hyperpolyadenylation  (data  not 
shown). 
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used.  First,  multiple  non-mRNA  RNA  polymerase  II  transcripts  were  analyzed  for 
changes  in  polyadenylation  status  during  loss  of  Nab2p  function.  Second,  a screen  was 
employed  to  identify  RNAs  affected  in  nab2  alleles. 

Small  nucleolar  RNAs  were  examined  by  RNA  blot  analysis  for  changes  in 
transcript  size,  indicative  of  poly(A)  addition.  Multiple  snoRNAs  from  different  classes, 
as  well  as  U2  snRNA  and  the  RNA  component  of  telomerase  (TLCl),  were  analyzed 
(Table  3).  Monocistronic  and  polycistronic  snoRNAs  were  analyzed  during  Nab2p 
depletion.  Monocistronic  snoRNAs  (snR9,  snRlO,  snRll,  snR13)  showed  no  difference 
compared  to  NAB 2 cells  (Figure  9A).  Polycistronic  snoRNAs  (snRSl  and  snR72) 
increased  in  abundance,  but  not  in  transcript  length  (Figure  9B).  The  intron  residing 
snoRNA,  snR39,  showed  increases  in  size,  indicative  of  a potential  processing  defect 
during  Nab2p  depletion  (Figure  9C).  Defects  in  snR39  and  U18  snoRNA  maturation 
were  also  present  in  nab2  mutants  (Figure  9D).  However,  none  of  the  non-mRNA 
transcripts  assayed  showed  signs  of  polyadenylation. 

Hyperpolyadenylated  RNAs  were  identified  by  screening  of  a cDNA  library 
created  from  Nab2p  depleted  cells.  Long  poly(A)’^  tailed  RNAs  were  selected  on  poly(U) 
Sephadex  in  the  presence  of  70%  formamide  to  destabilize  RNAs  with  short  poly(A) 
stretches,  either  internal  or  3'-terminal.  This  procedure  yielded  a pool  of  poly(A)'^  RNA 
with  tails  ranging  from  60  to  >600  nucleotides  (Figure  10).  A cDNA  library  was 
constructed  using  this  RNA  pool,  and  approximately  100  open  reading  frames  were 
identified  (Table  4).  Most  of  the  open  reading  frames  represented  known  mRNAs.  A 
small  percentage  of  clones  isolated  did  not  correspond  to  regions  with  known  open 
reading  frames  and  may  represent  unknown  polyadenylated  non-protein  coding  RNAs  in 


Table  3.  A large  fraction  of  RNAs  transcribed  by  RNA  polymerase  II  are  not 
mRNAs.  Non-mRNA,  RNA  polymerase  II  transcripts  are  listed.  Note,  bolded 
transcripts  have  been  analyzed  for  increased  transcript  length,  indicative  of  a poly(A)  tail. 
None  of  the  transcripts  tested  were  determined  to  be  hyperpolyadenylated  during  Nab2p 
depletion.  DBRl  is  the  de-branching  enzyme  required  for  de-branching  the  intron-lariat 
produced  during  pre-mRNA  splicing.  RNTJ  is  an  endonuclease  required  for  processing 
numerous  RNAs,  including  snoRNAs.  TMG  stands  for  tri-methyl  guanosine. 
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TABLE  3 . Non-mRNA  RNA  POLII  Transcripts 

snoRNA 


-monocistronic  (DBRl  independent) 

-RNTl  independent 
-TMG  capped 

-H/ACA  3,  5,  8,  9, 10, 11,  30,  31-35,  37,  42,  46,  49,  189 

-C/D  U3a,  U3b,  4, 13,  39b,  45,  50,  52,  56,  58,  60 

62-66,  68,  69,71,79 

-RNTl  dependent 

-TMG  minus 

-H/ACA  36, 43  (DBRl  independent  ?) 

-C/D  40,  47,  48  (RNTl  dependent  ?) 

-polycistronic  (DBRl  independent) 

-RNTl  dependent 

-TMG  minus 

-H/ACA 
-C/D 

-intronic  (DBRl  dependent) 

-RNTl  independent 

-TMG  minus 

-H/ACA 
-C/D 

snRNAs 

-U1,U2,U4,  U5 

TMG  capped 

polyadenylation  status  unknown 
*U2  is  extended  and  polyadenylated  in  Arnti  strains 


none  known 

U14,  41,  51,  53,  55,  57,  61,  67,  70,  72-78,  190 


44 

U18,  U24,  38,  39,  54,  59 


Others 

-TLCl  -RNA  component  (template)  for  telomerase 
-TMG  capped 

-box  H/ACA  like  element  at  3 ’ end  of  hTR 
-poly(A)+  and  poly(A)-  fractions 

-MRP  -RNA  component  of  the  RNase  MRP 


Figure  9.  non-mRNAs  are  not  polyadenylated  in  conditional  lethal  nab2  alleles. 

Total  RNA  was  isolated  from  NAB2  and  GAL::NAB2  cells  at  various  times  after  shift  to 
glucose  and  RNA  blot  analysis  performed.  (A)  Monocistronic  snoRNAs  snR9,  snRlO, 
snRll,  and  snR13.  (B)  Polycistronic  snoRNAs  snRSl  and  snR72.  (C)  Intronic 
snoRNAs  snR39  and  U18.  (D)  RNA  blot  analysis  of  snR39  and  U18  intronic  snoRNAs 
using  total  RNA  isolated  from  various  nab2  alleles.  Note  that  none  of  the  snoRNAs 
tested  showed  size  increases  indicative  hyperpolyadenylation. 
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Figure  10.  Hyperpolyadenylated  RNAs  were  identified  by  screening  a cDNA  library 
from  Nab2p  depleted  cells.  Poly(A)  tail  analysis  of  hyperpolyadenylated  RNA.  The 
total  lane  is  poly(A)^  RNA  isolated  from  GAL::NAB2  cells  after  Nab2p  depletion.  The 
poly(U)  lane  is  poly(A)^  RNA  similar  to  the  total  lane,  but  subject  to  isolation  on 
poly(U)-Sephadex.  A cDNA  library  was  prepared  using  the  poly(U)  selected  RNA  and 
approximately  100  cDNA  clones  were  analyzed  by  DNA  sequencing.  These  clones 
encoded  a variety  of  mRNAs  but  not  other  RNAs  (U2  snRNA,  snoRNAs,  etc.)  known  to 
be  polyadenylated  under  some  conditions.  A full  listing  of  the  cDNAs  sequenced  is 
located  in  Table  3. 
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TABLE  4 

Gene  name 


cDNAs  isolated  from  Nab2p  depleted  cells 

Description  of  gene  product 
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Amino  acid  metabolism 


AR04 

GNPl 
MET  17 
THR4 
URA3 
YFR055W 


3-deoxy-D-arabino-heptulosonate  7-phosphate  (DAHP)  synthase 
isoenzyme 

high  affinity  glutamine  permease 
O-acetylhomoserine-O-acetylserine  sulfhydralase 
threonine  synthase 

orotodine-5'  phosphate  decarboxylase 
hypothetical  ORF ; induced  by  MMS 


Cell  wall  / multi-drug  resistance 


CHSl 

CWH41 

FKSl 

MNN9 


chitin  synthase  1 ; cell  wall  maintenance 

glucosidase  I;  cell  wall  maintenance 

1,3-beta-D-glucan  synthase;  cell  wall  maintenance 

may  be  the  alpha- 1 ,6-mannose  elongation  enzyme;  mutants  are 

osmosensitive 


NCE102 

PDR13 

PMAl 

SCW4 

SLT2 

YCL068C 

YJR124C 

YKR104W 


protein  translocation 

pleiotropic  drug  resistance  (PDR);  HSP70  family;  cell  stress 
plasma  membrane  proton  ATPase 
soluble  cell  wall  protein;  cell  wall  maintenance 
suppressor  of  lyt2;  cell  stress;  cell  wall  maintenance 
hypothetical  ORF;  99%  identity  to  BudSp  over  the  first  190  aa 
hypothetical  ORF ; Member  of  the  multidrug-resistance  family 
hypothetical  ORF;  Member  of  the  ATP -binding  cassette  (ABC) 
superfamily 


Nuclear-cytoplasmic  transport 

MTR2 

NUP192 

mRNA  transport  regulator 
Nuclear  Pore  protein  of  1 92  kDa 

Mitochondrial  functions 

ATP 2 
SDH3 

F(l)-F(0)-ATPase  complex,  beta  subunit 
succinate  dehydrogenase  cytochrome  b subunit 

Proteolysis 

HUL4 

UBC13 

APE3 

ubiquitin  ligase  (E3);  protein  degradation 
ubiquitin  conjugating  enzyme;  induced  by  MMS 
aminopeptidase  yscIII 

Protein  translation  apparatus 

TEF2  X 2 
TIFll  X 2 

translation  initiation  factor  EF-1 
translation  initiation  factor  EF-1  A 
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TABLE  4--continued 

Gene  name 

Description  of  gene  product 

Ribosomal 

RPLIB 

ribosomal  protein  L 1 B 

RPL8A 

ribosomal  protein  L8A 

RPLIJA 

ribosomal  protein  LI  lA 

RPL14A 

ribosomal  protein  L14A;  intron  containing 

RPL15 

ribosomal  protein  L 1 5 

RPL20A 

ribosomal  protein  L20A 

RPL22B 

ribosomal  protein  L22B;  intron  containing 

RPL29 X 2 

ribosomal  protein  L29 

RPL30A 

ribosomal  protein  L30A;  intron  containing 

RPL32 

ribosomal  protein  L32;  intron  containing 

RPL34A 

ribosomal  protein  L34A 

RPL38 

ribosomal  protein  L38 

RPL41A  X 2 

ribosomal  protein  L41A 

RPS2 

ribosomal  protein  S2 

RPS4A 

ribosomal  protein  S4A;  intron  containing 

RPS7A  X 2 

ribosomal  protein  S7A;  intron  containing 

RPSllA 

ribosomal  protein  SI  lA;  intron  containing 

RPS13 

ribosomal  protein  SI 3;  intron  containing 

RPS20 

ribosomal  protein  S20 

RPS23B  X 2 

ribosomal  protein  S23B;  intron  containing 

RPS25A 

ribosomal  protein  S25A 

RPS26B 

ribosomal  protein  S26B 

RNA  proeessing 

SOFl 

small  nuclear  ribonucleoprotein  involved  in  rRNA  processing 

SESl 

serine-tRNA  ligase 

YDL209C 

hypothetical  ORF;  RNA  splicing  ? 

Stress  response  proteins 

CUPl  X 2 

copper  binding  metallothionein;  cell  stress 

DDR2 

DNA  damage  response 

HOR7x2 

hyperosmolarity  response 

SEDl  X 2 

cell  surface  glycoprotein,  A1  and  oxidative  stresses 

STIl 

suppressor  of  lyt2,  S/T  kinase,  cell  wall  defects,  osmosensitive 

YHBl  X 2 

flavohemoglobin,  may  play  a role  against  oxidative  stress 

Carbohydrate  metabolism 

EN02 

enolase  2;  2-phosphogly cerate  dehydratase 

TP  11  X 2 

triosephosphate  isomerase 

CIT2 

citrate  synthase;  energy  generation 
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TABLE  4--continued 

Gene  name 

Description  of  gene  product 

Transcription 

ANCl 

transcription  initiation  factor  TFIIF  small  subunit 

GCN4 

transcriptional  activator  of  amino  acid  biosynthetic  genes 

GCR3 

transcriptional  activator  of  glycolytic  genes 

HTAl 

histone  H2A;  cell  stress 

Vesicular  transport 

BETS 

TRAPP  1 8kDa  component 

CLCl 

clathrin  light  chain 

SECS 

subunit  of  the  Exocyst  complex 

No  classified  ORF 

Intergenic  (2) 

Unknown  / miscellaneous 

SRP14 

Signal  recognition  particle  subunit,  protein  translocation 

STE2 

alpha-factor  pheromone  receptor 

YAR027W 

hypothetical  ORF 

YCL033C 

hypothetical  ORF ; putative  transcription  regulator 

YDL072C 

hypothetical  ORF 

YDL114W 

hypothetical  ORF 

YDRIOIC 

hypothetical  ORF 

YDR8419.12 

YFR039C 

hypothetical  ORF 

YGLIOIW 

hypothetical  ORF 

YGLllOC 

hypothetical  ORF 

YLR257W 

hypothetical  ORF 

YKR051W 

hypothetical  ORF 

YM9827.03C 

YNL119W 

hypothetical  ORF;  possibly  involved  in  cytoplasmic  ribosome 

function 

YOR205C 

hypothetical  ORF 

YOR252W 

hypothetical  ORF 

YPLllOC 

hypothetical  ORF 
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S.  cerevisiae.  Nab2p-dependent  hyperpolyadenylation  of  RNAs  identified  in  this  sereen 
was  eonfirmed  using  ligation-mediated  RT-PCR.  Tail  length  analysis  demonstrated  that 
not  all  RNAs  respond  to  loss  of  Nab2p  to  the  same  order  of  magnitude  (Figure  11).  One 
elass  of  RNA  shows  tail  length  increases  of  up  to  80  nucleotides,  similar  to  what  is  seen 
by  bulk  tail  labeling  (SEDl,  DDR2).  Another  class  undergoes  modest  tail  length 
increases  up  to  20  nucleotides  (PGKl,  TPIl,  CYH2).  CYCl  was  tested  as  a control  RNA 
not  identified  in  the  screen.  CYCl  is  also  an  RNA  that  is  typically  used  for  in  vitro  3'-end 
formation  assays.  Interestingly,  CYCl  tail  length  was  not  affected  by  loss  of  Nab2p  in 
vivo.  These  results  suggest  that  Nab2p  function  is  mRNA  subclass  specific. 

The  mRNAs  which  demonstrated  the  largest  change  in  poly(A)  tail  length  during 
loss  of  Nab2p  function  corresponded  to  stress  response  genes,  specifically,  stress 
response  genes  that  are  induced  in  a non-HSE  (heat-shock  element)  dependent  manner. 
The  stress  response  genes  identified  in  the  cDNA  library  are  induced  under  osmotic  and 
oxidative  stress  conditions.  To  determine  if  Nab2p  was  required  during  specific  stresses, 
the  conditional  lethal  nab 2 -21  allele  was  tested  for  increased  sensitivity  to  various  stress 
conditions  by  spotting  serial  dilutions  of  cells  to  plates  containing  the  stress  agent.  Cold 
sensitive  nab2-21  cells  displayed  an  increased  sensitivity  to  NaCl  and  H2O2,  but  not  other 
agents  (Figure  12).  This  result  was  consistent  with  the  3'-end  processing  defect  of  the 
stress  response  mRNAs  identified  in  the  cDNA  library  (Figure  11). 

Nab2p  Regulates  Poly(A)  Tail  Length  in  vitro 

The  effect  of  a nab2  mutation  on  in  vivo  poly(A)  tail  length  was  similar  to  that 
demonstrated  for  Pablp  in  vitro  (Amrani  et  al.,  1997;  Minvielle-Sebastia  et  al.,  1997). 
To  determine  if  Nab2p  was  essential  for  3 ’-end  processing,  in  vitro  polyadenylation 
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assays  were  performed.  Substrates  used  included  both  CYCl  and  SEDl,  which  were 
differentially  affected  in  vivo  during  Nab2p  loss.  Interestingly,  loss  of,  or  mutations  in 
Nab2p  had  no  affect  on  the  poly(A)  tail  length  of  either  substrate  (Figure  13).  Since  a 
whole  cell  extract  is  used  in  this  assay,  one  possible  explanation  for  not  reproducing  the 
polyadenylation  defect  in  vitro  is  that  a cytoplasmic  factor  may  compensate  for  loss  of 
Nab2p  (Butler  and  Platt,  1988).  It  is  also  possible  that  Nab2p  activity  is  lost  during 
preparation  of  the  extract.  To  determine  if  the  abundant  cytoplasmic  poly(A)  binding 
protein  Pablp  was  this  compensating  factor,  Nab2p  was  added  back  to  in  vitro  reactions 
using  an  extract  devoid  of  Pablp.  Due  to  the  lack  of  Pablp,  this  extract  normally 
produces  long  poly(A)  tails  in  vitro  (Minvielle-Sebastia  et  ah,  1997).  Multiple 
unsuccessful  attempts  were  made  at  generating  recombinant  Nab2p  in  E.  coli.  Due  to 
severe  degradation  and  contamination  with  nucleases,  full  length  Nab2p  could  not  be 
purified  in  this  manner.  To  obtain  full-length  protein,  Nab2p  was  isolated  from  yeast 
cells  by  tandem  affinity  chromatography  (Rigaut  et  ah,  1999).  Nab2p  purification  was 
performed  by  Keith  Nykamp.  A calmodulin  binding  peptide  (CBP)Zprotein  A fusion  to 
the  carboxy  terminal  end  of  Nab2p  was  generated  in  L4717  cells.  A Tobacco  Etch  Virus 
(TEV)  protease  site  is  included  between  CBP  and  protein  A,  which  allowed  two 
successive  rounds  of  purification.  First  the  Nab2p  fusion  was  bound  to  IgG  Sepharose 
via  protein  A.  Nab2p-CBP  was  eluted  by  cleavage  using  TEV  protease.  The  Nab2p- 
CBP  fusion  is  re-purified  on  calmodulin  affinity  resin  and  eluted  with  EGTA.  Purified 
Nab2p  was  added  back  to  in  vitro  polyadenylation  assays  using  a Pablp  deficient  extract 
(YAS394).  Recombinant  Pabpl  was  included  in  a separate  reaction  for  comparison  and 
added  rPablp  was  capable  of  inhibiting  polyadenylation  (Figure  14A).  Poly(A)  tail 
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length  was  also  reduced  in  the  presence  of  purified  Nab2p  and  the  degree  of  shortening 
correlated  with  the  amount  of  Nab2p  added  to  the  reaction  (Figure  14B).  This  result  is 
consistent  with  in  vivo  tail  length  defects  seen  in  nab2  alleles  and  suggests  that  Nab2p  is 
required  for  regulation  of  nuclear  poly(A)  tail  length.  It  also  implies  that  Pablp-mediated 
regulation  of  poly(A)  tail  length  in  vitro  may  be  an  artifact  of  the  preparation  of  whole- 
cell extract. 

Nucleocytoplasmic  mRNA  Export  is  Inhibited  in  nab2  Mutant  Strains 

Defects  in  mRNA  export  in  yeast  have  been  linked  to  poly(A)  tail  length 
increases  of  20  nucleotides  (Piper  and  Aamand,  1989).  Upon  mRNA  export,  poly(A) 
tails  are  trimmed  by  20  nucleotides  as  a result  of  Pablp  binding  to  the  poly(A)  tail  and 
recruiting  the  poly(A)  nuclease,  PAN  (Boeck  et  al.,  1996;  Brown  et  al.,  1996).  Poly(A) 
tail  length  increases  during  the  loss  of  Nab2p  are  more  dramatic,  with  poly(A)  tails 
reaching  lengths  of  greater  than  200  nucleotides.  To  determine  if  the  polyadenylation 
defect  in  yeast  was  coupled  to  a defect  in  mRNA  export,  poly(A)^  RNA  localization  was 
assayed  using  two  conditional  lethal  nab2  alleles.  The  poly(A)^  RNA  distribution  was 
determined  by  fluorescent  in  situ  hybridization  with  digoxigenin-labeled  oligo  (dT)so. 
Cells  depleted  for  Nab2p  as  well  as  nab2-21  cells  were  analyzed.  To  deplete  Nab2p, 
GAL::NAB2  cells  were  shifted  to  glucose  for  0-8  hours.  As  early  as  2 hours  after  shift  to 
glucose,  poly(A)^  RNA  started  to  accumulate  in  the  nuclei  of  cells  (Figure  15  A).  Nuclear 
poly(A)'^  RNA  accumulation  was  evident  in  greater  than  90%  of  the  cells  at  8 hours. 
Upon  closer  inspection,  it  was  shown  that  poly(A)’^  RNA  was  accumulating  in  foci  with 
in  the  nucleus  (Figure  15B).  These  foci  were  typically  at  the  edge  of  the  nucleus,  in  a 


Figure  15.  Nab2p  depletion  leads  to  nuclear/nucleolar  accumulation  of  poly(A)^ 
RNA.  NAB2  were  grown  in  glucose  or  galactose  media.  GAL::NAB2  cells  were  grown 
in  galactose  and  shifted  to  glucose  containing  media  for  the  specified  amount  of  time  and 
the  poly(A)’^  RNA  distribution  was  analyzed.  (A)  Fluorescent  in  situ  hybridization 
(FISH)  of  poly(A)’^  RNA  distribution  using  digoxigenin-(dX)5o  and  FITC-conjugated 
anti-dig  secondary  mAh.  DNA  was  detected  with  DAPI.  (B)  FISH  localization  of 
poly(A)’^  RNA  using  deconvolution  microscopy.  Distribution  of  poly(A)^  RNA  (green) 
is  shown  for  GAL::NAB2  cells  shifted  to  glucose  for  2h.  The  nucleolus  is  adjacent  to  the 
bulk  chromosomal  DNA  staining  (blue).  Nucleoli  were  localized  using  anti-Noplp 
mAbs  (data  not  shown).  Three  nucleolar  distributions  are  displayed  (left  panel,  overall 
nucleolar;  middle  panel,  two  intra-nucleolar  foci;  right  panel,  a single  focus  at  the 
nucleolar  periphery).  Bar,  2 pm. 
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region  characteristic  of  the  nucleolus.  To  determine  if  the  poly(A)'^  RNA  was  nucleolar, 
the  foci  were  co-localized  using  a monoclonal  antibody  against  Nop  Ip,  a nucleolar 
protein  (data  not  shown).  It  was  determined  that  poly(A)^  RNA  was  accumulating  in 
nucleoli  during  Nab2p  depletion. 

The  cold  sensitive  nab2-21  allele  also  demonstrated  inducible  nuclear 
accumulation  of  poly(A)'"  RNA.  The  poly(A)^  RNA  distribution  in  nab2-21  cells  at  the 
permissive  temperature  was  normal  (Figure  16A).  However,  when  cells  were  shifted  to 
the  non-permissive  temperature  of  14°C,  poly(A)^  RNA  started  to  accumulate  in  nuclei. 
As  with  Nab2p  depletion,  poly(A)^  RNA  accumulated  in  the  nucleolus.  Focal 
accumulation  of  poly(A)^  RNA,  in  comparison  to  the  nucleolar  protein  Nop  Ip  is  shown 
(Figure  16B).  Results  from  both  conditional  lethal  nab2  alleles  analyzed  suggest  that 
Nab2p  is  required  for  mRNA  export. 

Nucleolar  accumulation  of  poly(A)^  RNA  in  nab2  alleles  implied  the  possibility 
that  nucleolar  RNAs  were  polyadenylated.  Evidence  exists  demonstrating 
polyadenylation  of  non-mRNAs,  however,  nucleolar  RNAs  analyzed  during  loss  of 
Nab2p  function  failed  to  identify  any  polyadenylation  (see  Figure  9).  Also,  identification 
of  hyperpolyadenylated  RNAs  in  the  cDNA  screen  did  not  reveal  any  non-mRNAs  know 
to  be  polyadenylated  (see  Table  4).  This  strongly  suggests  that  the  focal  accumulation  of 
poly(A)^  RNA  observed  in  nab2  cells  results  from  nucleolar  accumulation  of 
hyperpolyadenylated  mRNAs. 

Messenger  RNA  3 ’-End  Formation  and  Nucleocytoplasmic  Export  can  be  Uncoupled  in 
Yeast 

Cleavage  factors  have  been  shown  to  associate  with  the  caboxy-terminal  domain 
of  RNA  polymerase  II,  enhancing  3 ’-end  cleavage  and  transcription  termination 


Figure  16.  Poly(A)^  RNA  accumulates  in  the  nucleolus  at  the  non-permissive 
temperature  in  nab2-21  cells.  nab2-21  cells  were  grown  at  a permissive  temperature  of 
30°C  and  shifted  to  the  non-permissive  temperature,  14°C  for  2 hours.  (A)  The  poly(A)^ 
RNA  distribution  was  determined  by  fluorescent  in  situ  hybridization  using  digoxigenin- 
(dT)5o  and  anti-dig  secondary  mAb.  DNA  was  visualized  using  DAPI.  (B)  The 
nucleolus  was  loealized  using  a Nop  Ip  speeifie  mAb  (right  panel).  Nueleolar  poly(A)^ 
RNA  is  shown  for  comparison  (left  panel). 
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(Birse  et  al.,  1998).  Correct  3 ’-end  formation  has  also  been  demonstrated  as  a 
requirement  for  mRNA  export  in  yeast  (Long  et  al.,  1995).  However,  it  was  not  know  if 
accurate  regulation  of  poly(A)  tail  length  was  a pre-requisite  for  mRNA  export.  To  try  to 
uncouple  the  two  phenotypes  genetically,  a high  copy  suppressor  screen  of  a NAB2 
deletion  was  performed.  Conditional  lethal  GAL:: NAB 2 cells  were  transformed  with  a 
YEpl3  genomic  library,  generating  approximately  10^  Leu^  transformants.  Transformed 
cells  were  plated  to  glucose  containing  media  to  deplete  Nab2p  (Figure  17).  Cells  that 
survived  could  potentially  have  received  a genomic  NAB2  fragment.  The  NAB2  gene 
from  the  plasmid  library  was  slightly  larger  than  NAB2  from  the  GAL::NAB2  strain.  The 
size  difference  is  due  to  an  expansion  at  the  5’  end  of  the  gene,  which  results  in  seven 
additional  Q3P  repeats  in  the  protein.  This  allowed  identification  of  cells  containing  a 
NAB2  gene  from  the  plasmid  library.  This  eliminated  all  but  one  library  plasmid. 
Sequence  analysis  identified  a ten  kilobase  insert  containing  the  full  length  PABl  gene,  as 
well  as  a truncation  of  the  5’  gene  and  the  entire  downstream  gene  of  unknown  function 
(Figure  18A). 

To  confirm  that  high  copy  Pah  Ip  expression  was  responsible  for  suppression,  the 
PABl  gene  was  PCR  amplified  from  genomic  DNA  and  cloned  into  YEpl3  to  generate 
the  plasmid,  pPABl.  This  plasmid  was  transformed  into  fresh  GAL::NAB2  cells  and 
plated  to  glucose  media.  The  number  of  cells  capable  of  growing  on  glucose  was 
approximately  the  same  as  the  transformation  efficiency,  while  cells  transformed  with 
YEpl3  alone  were  unable  to  grow  (Figure  18B).  This  suggested  that  the  pPABl  plasmid 
suppressed  a NAB 2 deletion.  The  level  of  Pablp  was  determined  by  immunoblot 
analysis.  Pablp  levels  were  moderately  elevated  (Figure  18C).  Interestingly,  a smaller 


Figure  17.  Schematic  representation  of  high-copy  suppression  of  nab2A.  Haploid 
cells  (YRH201C)  containing  a chromosomal  NAB 2 deletion  and  the  pGAL::NAB2 
plasmid  were  grown  on  galactose  containing  media  to  express  Nab2p.  Cells  were 
transformed  with  the  YEpl3  genomic  library  and  plated  to  glueose  eontaining  media  to 
repress  Nab2p  expression  from  the  pGAL::NAB2  plasmid.  This  generated 
approximately  10^  treinsformants.  Transformants  that  could  grow  in  the  presence  of 
glucose  were  screened  to  eliminate  cells  that  received  a genomic  NAB2  fragment  from 
the  library.  Isolated  library  plasmids  that  did  not  contain  NAB2  were  sequenced  to 
identify  the  genes  contained  within  the  plasmid  insert. 
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Figure  18.  The  PABl  gene  high  copy  suppresses  a nab2  deletion.  GAL:  :NAB2  cells 
grown  in  YPGal  were  transformed  with  a YEpl3  genomic  library.  From  approximately 
10^  Leu"^  transformants,  37  were  able  to  grow  under  Nab2p  repressive  conditions.  Cells 
were  screened  by  PCR  to  eliminate  library  plasmids  containing  the  NAB2  gene.  (A)  One 
cell,  nab2A.  pHCS220,  did  not  to  contain  the  NAB2  gene.  Sequence  analysis  identified  a 
fragment  containing  the  PABl  gene.  To  confirm  high  copy  suppression  was  dependent 
on  PABl,  the  PABl  gene  was  cloned  into  YEpl3  to  generate  pPABl.  Growth  of  nab2A 
pPABl,  and  immunoblot  analysis,  on  glucose  confirmed  that  elevated  Pablp  levels  were 
responsible  for  suppression  by  pHCS220.  (B)  Growth  of  various  wild  type  NAB2  and 
nab2A  strains  carrying  pHCS220  or  pPABl.  (C)  Immunoblot  analysis  of  Pablp 
expression.  Pablp*  is  a 50  kDa  fragment  of  Pablp. 
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Pablp*  product  was  abundant  in  these  cells.  This  form  was  approximately  50  kDa, 
similar  to  the  reported  nuelear  Pablp  (Saehs  et  ah,  1986). 

To  determine  which  process  Nab2p  is  required  for,  the  poly(A)^  RNA  tail  length 

distribution  and  subcellular  localization  were  assayed  in  the  nablA  pPABl  cell 

(YRH204).  Although  Pablp  has  been  reported  essential  for  regulation  of  tail  length  in 
vitro  (Amrani  et  ah,  1997;  Minvielle-Sebastia  et  ah,  1997),  poly(A)  tail  length  showed 
only  a modest  length  (Figure  19 A).  This  decrease  was  representative  of  the  20  nt 
cytoplasmie  tail  shortening  by  poly(A)  nuelease  (PAN)  activities  and  might  be  expeeted 
if  the  export  defect  was  resolved,  but  not  the  tail  length  defeet.  In  situ  hybridization  with 
oligo  (dT)5o  revealed  that  the  export  defeet  was  completely  resolved  by  high-level 
expression  of  Pablp  (Figure  19B).  This  suggested  two  things,  (i)  Although  Nab2p  levels 
affeet  regulation  of  poly(A)  tail  length  in  vivo,  regulation  of  poly(A)  tail  length  is  not 
essential,  (ii)  Nab2p  is  required  for  export  of  poly(A)’^  RNA.  How  Pablp  suppresses  the 
export  defeet  is  yet  to  be  determined  but  may  imply  a role  for  Pablp  in  mRNA  export. 

High  level  Pablp  suppression  was  most  likely  bypassing  the  requirement  for 
Nab2p.  To  confirm  that  Pablp  was  a bypass  suppressor  of  Nab2p,  the  pGAL;;NAB2 
plasmid  was  evieted  from  suppressor  eells  using  5-FOA  toxieity  to  seleet  against  cell  that 
carried  the  plasmid.  This  ensured  that  Pablp  was  suppressing  the  complete  loss  of 
Nab2p  and  not  low-level  Nab2p  expression.  High-level  Pablp  expression  also 
suppressed  the  cold  sensitive  phenotype  of  nab2-21  cells,  demonstrating  that  suppression 
was  not  allele-speeific,  another  charaeteristic  of  bypass  suppression  (data  not  shown). 

Pablp  was  also  identified  as  a speeific  eomponent  of  a Nab2p  complex 
(unpublished  results  K.  Nykamp  et  ah),  possibly  explaining  the  high  eopy  suppression 


Figure  19.  High  copy  PABl  fully  suppresses  the  poly(A)^  RNA  export  defect  but  not 
the  hyperpolyadenylation  defect.  (A)  Bulk  poly(A)  tail  length  was  analyzed  in  both 

nablA  pHCS220  and  nablA  pPABl  cells  compare  to  GAL::NAB2  cells  under  Nab2p 
repressive  and  de-repressive  conditions.  Both  the  library  plasmid  and  pPABl  reduce 
poly(A)  tail  length  approximately  20  nucleotides.  (B)  Poly(A)’^  RNA  was  localized  by 
fluorescent  in  situ  hybridization  with  digoxigenin-(dT)5o.  High  copy  PABl  was  able  to 

completely  resolve  the  poly(A)^  RNA  export  defect  in  nab2A  cells. 
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results.  If  Nab2p  is  required  for  Pablp  to  associate  with  the  poly(A)  tail  in  the  nucleus, 
elevating  the  nuclear  levels  of  Pablp  would  bypass  the  need  for  Nab2p  in  export. 
Another  possibility  is  that  naked  poly(A)  tails  are  not  recognized  as  substrates  for  export 
and  are  retained  in  the  nucleus.  Elevated  Pablp  levels  might  result  in  an  increased 
nuclear  concentration  of  Pablp,  allowing  Pablp  to  coaEmask  the  poly(A)  tail.  To 
determine  if  Pablp  was  nuclear,  Pablp  was  localized  using  both  conventional 
immunofluorescence  and  deconvolution  immunofluorescence  microscopy.  Both  of  these 
methods  it  was  demonstrated  that  Pablp  was  expressed  at  elevated  levels  and  was  now 
also  detectable  in  the  nucleus  (Figure  20). 

Pre-mRNA  Splicing 

In  metazoans  3 ’-terminal  exon  splicing  is  enhanced  by  the  presence  of  a 
functional  polyadenylation  signals  (Dye  and  Proudfoot,  1999).  It  was  possible  that 
defects  in  3'-end  processing  could  result  in  aberrant  pre-mRNA  splicing.  Alternatively, 
Nab2p  could  play  a role  in  splicing,  and  defects  in  regulation  of  mRNA  poly(A)  tail 
length  and  nucleocytoplasmic  export  stem  from  a primary  splicing  defect.  To  determine 
if  3 ’-end  formation  is  coupled  to  pre-mRNA  splicing  in  S.  cerevisiae  various  intron 
containing  mRNAs  were  analyzed  during  Nab2p  depletion.  Defects  in  pre-mRNA 
splicing  were  determined  based  on  an  increased  pre-mRNA  to  mRNA  ratio.  Steady  state 
analysis  of  ACTl  and  CYH2  pre-mRNA  to  mRNA  levels  were  examined  in  NAB 2 and 
GAL::NAB2  cells  after  shift  to  glucose.  As  a control,  ACTl  transcripts  were  analyzed  at 
the  permissive  and  non-permissive  temperatures  in  tsl26  cells,  which  contain  a 
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lethal  mutation  of  a splicing  factor  (Figure  21  A)  (Lustig  et  al.,  1986).  Defects  in  splicing 
oiACTl  and  CYH2  mRNAs  were  not  seen  during  Nab2p  depletion  (Figure  21B,C). 

Alternative  splicing  has  recently  been  demonstrated  to  occur  in  yeast.  Six 
alternatively  spliced  transcripts  were  identified  for  MTR2  (Davis  et  al.,  2000).  Since 
hnRNPs  are  known  to  function  in  alternative  pre-mRNA  splicing,  it  was  possible  that 
Nab2p  is  required  for  alternative  splicing  but  dispensable  for  constitutive  splicing  of 
mRNAs  such  as  ACTl  and  CYH2.  To  investigate  the  role  of  Nab2p  in  alternative 
splicing,  MTR2  transcripts  were  examined  during  Nab2p  depletion.  Differences  in 
alternative  MTR2  transcripts  were  assayed  by  RT-PCR  using  primers  5’  and  3’  of  the 
splice  sites.  There  were  no  differences  in  the  size  or  distribution  of  MTR2  transcripts 
produced  during  Nab2p  depletion  (Figure  22).  Alternative  splicing  was  also  analyzed 
using  the  cold  sensitive  nab2-21  strain.  The  NAB2  and  nab2-21  cells  were  analyzed  at 
both  24°C  and  after  shift  to  14°C  for  2 hours.  Results  from  analysis  of  both  MTR2  and 
SIMl  splicing  showed  no  change  in  splice  site  usage  (Figure  23).  RNA  blot  analysis  of 
MTR2  and  other  spliced  transcripts  (RPL26B  and  RPS14A)  confirmed  this  result  (data  not 
shown).  Since  all  five  mRNAs  analyzed  did  not  show  alterations  in  splicing,  it  was 
concluded  that  Nab2p  was  not  required  for  either  constitutive  or  alternative  pre-mRNA 
splicing. 


Figure  21.  Nab2p  is  not  required  for  pre-mRNA  splicing  of  ACT  1 or  CYH2.  Total 
RNA  was  isolated  from  NAB2  and  GAL::NAB2  cells  at  various  times  after  shift  into 
glucose  containing  media.  The  total  RNA  was  fractionated  by  agarose  gel 
electrophoresis  and  transferred  to  a charged  nylon  membrane.  A random  prime  labeled 
probe  was  used  to  probe  the  RNA  blots.  The  probe  contained  both  intron  and  exon 
sequences  to  allow  detection  of  the  intron  containing  pre-mRNA.  Pre-mRNAs  tested  did 
not  accumulate  with  the  Nab2p  depletion.  (A)  Positive  control  for  ACTl  pre-mRNA 
splicing  defect  tsl36  is  defective  in  splicing  at  the  non-permissive  temperature  of  37°C. 
(B)  RNA  blot  analysis  of  ACTl  during  Nab2p  depletion.  (C)  RNA  blot  analysis  of  CYH2 
during  Nab2p  depletion. 
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Figure  22.  Alternative  splicing  of  MTR2  is  not  affected  during  Nab2p  depletion. 

NAB2  and  GAL::NAB2  cells  were  grown  in  galactose  and  shifted  to  glucose  for  0,  30,  60, 
and  90  minutes  and  total  RNA  was  isolated.  Alternative  MTR2  transcripts  were  analyzed 
by  RT-PCR  using  primers  5'  and  3'  of  the  splice  acceptor  and  donor  sites.  (A)  Seven 
alternative  transcripts  are  produced  from  the  MTR2  gene.  (B)  RT-PCR  analysis  oiMTR2 
mRNAs  produced  during  Nab2p  depletion. 
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DISCUSSION 


The  role  of  a polyadenylate  tail  in  the  cytoplasm  is  well  established.  A 
polyadenylated  tail  facilitates  translation  and  stabilizes  the  mRNA.  Degradation  is  also 
regulated  by  the  poly(A)  tail  via  recruitment  of  a Pablp-dependent  poly(A)  nuclease. 
Nuclear  functions  of  the  poly(A)  tail  are  less  clear.  My  research  has  demonstrated  that 
the  yeast  hnRNP  Nab2p  is  a nuclear  poly(A)  tail-binding  protein.  More  importantly,  I 
show  that  Nab2p  is  required  for  nucleocytoplasmic  export  of  mRNA.  The  data  reported 
here  also  suggest  that  Nab2p  is  required  for  regulation  of  poly(A)  tail  length  in  vivo, 
although  this  is  not  an  essential  function.  I also  present  here  evidence  for  a novel 
function  of  the  cytoplasmic  poly(A)  tail-binding  protein  Pabpl  in  mRNA  export. 

Regulation  of  Polyadenylate  Tail  Length  Requires  Nab2p 

Regulation  of  nuclear  polyadenylate  tail  length  in  metazoans  is  mediated  by  the 
poly(A)-binding  protein  PABP2  (Wahle  and  Keller,  1996).  Sequence  homologues  of 
PABP2  do  not  exist  in  S.  cerevisiae,  suggesting  that  control  of  poly(A)  tail  length  occurs 
via  the  use  of  a novel  nuclear  poly(A)-binding  protein  and/or  another  mechanism.  In 
yeast,  the  poly(A)-binding  protein  Pablp  is  required  for  regulation  of  poly(A)  tail  length 

in  vitro  (Amrani  et  al.,  1997;  Minvielle-Sebastia  et  al.,  1997).  However, cells  are 

not  impaired  for  regulation  of  poly(A)  tail  length  in  vivo.  This  finding  suggests  the 
presence  of  a compensating  factor  for  Pablp  in  vivo,  which  is  lost  during  preparation  of 
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the  extract.  I hypothesized  that  Nab2p  is  the  compensating  factor.  Numerous  lines  of 
evidence  support  this  hypothesis.  All  of  the  conditional  lethal  nab2  mutant  alleles 
analyzed  demonstrate  defects  in  regulation  of  polyadenylate  tail  length  in  vivo, 
suggesting  that  polyadenylation  is  deregulated  whenever  Nab2p  function  is 
compromised.  Also,  poly(A)  tail  lengths  seen  in  vivo  in  nab2  mutant  stains  are  nearly 
identical  to  tail  lengths  produced  in  the  absence  of  Pab  1 p in  vitro  (>200^  nucleotides). 
However,  extracts  made  from  nab2  mutant  cells  exhibit  no  defect  in  regulation  of 
poly(A)  tail  length  in  vitro.  If  the  effect  of  Nab2p  on  polyadenylation  in  vivo  were 
indirect  or  secondary,  via  affecting  the  levels  of  3'-end  processing  components,  in  vitro 
polyadenylation  assays  would  show  long  poly(A)  tails.  However,  all  nab2  mutant 
extracts  used  in  vitro  generate  normal  poly(A)  tails,  suggesting  that  factors  involved  in 
3 ’-end  processing  were  not  affected.  Based  on  this  evidence  it  is  likely  that  Nab2p 
directly  affects  regulation  of  poly(A)  tail  length  in  vivo. 

Regulation  of  polyadenylate  tail  length  can  occur  by  several  different 
mechanisms.  First,  Nab2p  binding  to  the  poly(A)  tail  may  limit  nuclear  poly(A)  tail 
synthesis  to  70-90  nucleotides.  This  could  be  accomplished  either  by  altering  the  mRNP 
complex  and/or  making  the  3 ’ hydroxyl  unavailable  for  poly(A)  addition  once  a certain 
tail  length  is  achieved.  Nab2p  could  also  directly  modify  the  activity  of  the  poly(A) 
polymerase,  though  the  lack  of  any  physical  or  genetic  interaction  argues  against  this 
mechanism.  Alternatively,  Nab2p  could  function  at  the  level  of  poly(A)  tail  shortening. 
This  possibility  was  intriguing  since  Nab2p  does  share  structural  similarity  with  the 
Drosophila  protein  clipper,  a putative  endoribonuclease  (Bai  and  Tolias,  1996). 
However,  preliminary  results  from  in  vitro  deadenylation  assays  suggest  that  Nab2p  is 
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not  a deadenylase.  Rather,  purified  Nab2p  proteeted  the  homogenously  labeled  poly(A) 
substrate,  allowing  very  little,  if  any,  deadenylation  to  oecur.  I believe  this  evidence 
supports  a role  for  Nab2p  in  limiting  poly(A)  tail  length  during  synthesis,  possibly  by 
limiting  access  to  the  3'  hydroxyl. 

One  possible  explanation  for  failing  to  reproduce  the  tail  length  defect  in  vitro  is 
that  the  presence  of  Pah  Ip  in  extracts  prepared  from  nab2  cells  compensates  for  loss  of 
Nab2p  function.  To  determine  if  Nab2p  was  able  to  regulate  poly(A)  tail  length,  Nab2p 
was  isolated  from  yeast  cells  and  added  back  to  an  in  vitro  polyadenylation  reaction  using 
extracts  from  a pablA  strain.  The  addition  of  Nab2p  correlated  with  a decrease  in  the 
length  of  the  synthesized  poly(A)  tail  and  tail  length  decreases  were  concentration- 
dependent.  Since  Nab2p  intimately  associates  with  the  poly(A)  tail  in  the  nucleus,  this 
result  is  consistent  with  a role  for  Nab2p  in  regulating  nuclear  poly(A)  tail  length.  These 
results  also  imply  that  regulation  of  poly(A)  tail  length  by  Pablp  in  vitro  may  be  an 
artifact  of  the  cytoplasmic  abundance  of  Pablp,  together  with  poly(A)  binding  and  PAN 
recruitment.  In  support  of  this  conclusion,  Pablp  has  been  shown  to  inhibit  in  vitro 
poly(A)  addition  by  the  yeast  poly(A)  polymerase  by  competing  for  binding  sites 
(Zhelkovsky  et  al.,  1998).  Another  possibility  is  that  Nab2p  and  Pablp  have  overlapping 
functions  in  regulation  of  poly(A)  tail  length.  However,  high  copy  suppression  of  a 
nab2A  strain  by  Pablp  does  not  resolve  the  poly(A)  tail  length  defect,  suggesting  that 
elevated  Pablp  levels  carmot  compensate  for  Nab2p  function  in  regulation  of  nuclear 
poly(A)  tail  length. 
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How  Does  Pablp  Compensate  for  the  Loss  of  Nab2p? 

Pab  1 p-mediated  regulation  of  poly(A)  tail  length  in  vitro  is  due  to  an  inhibitory 
effect  on  the  poly(A)  polymerase.  Pab  1 p was  shown  to  inhibit  the  poly(A)  polymerase  in 
a concentration-dependent  manner.  This  was  demonstrated  by  adding  increasing 
amounts  of  Pablp  to  an  in  vitro  polyadenylation  reaction  using  only  the  poly(A) 
polymerase  and  an  oligo(A)i2  template  (Zhelkovsky  et  al.,  1998).  The  addition  of  rPablp 
to  in  vitro  reactions  using  Pablp-deficient  extracts  shows  a similar  pattern.  That  is,  the 
distribution  of  poly(A)  tails  continues  to  decrease  in  size  with  increasing  amounts  of 
added  Pablp  (Minvielle-Sebastia  et  al.,  1997).  This  mode  of  regulation  is  the  opposite  of 
what  is  seen  with  the  metazoan  poly(A)-binding  protein  PABP2.  PABP2  stimulates 
processive  poly(A)  addition  by  the  poly(A)  polymerase  (Bienroth  et  al.,  1993).  The 
effect  of  higher  concentrations  of  added  Nab2p  on  poly(A)  tail  length  distribution  was 
different  compared  to  results  seen  with  increasing  amounts  of  Pablp.  Addition  of  Nab2p 
at  low  concentrations  slightly  reduces  the  long  poly(A)  tails.  At  higher  Nab2p 
concentrations,  the  poly(A)  tail  length  distribution  is  brought  back  to  the  normal  60-90 
nucleotides.  Additional  Nab2p  does  not  continue  to  shift  the  poly(A)  tail  length 
distribution  below  60-90  nucleotides  (as  with  Pablp).  This  result  suggests  that  Nab2p 
regulates  poly(A)  tail  length  by  a mechanism  more  closely  related  to  PABP2,  acting  as  a 
molecular  ruler  and  inhibiting  polyadenylation  in  yeast  only  when  poly(A)  tails  have 
reached  90  nucleotides. 

One  concern  regarding  the  addition  of  Nab2p  is  with  respect  to  how  Nab2p  was 
purified.  It  can  be  argued  that  Nab2p  isolated  from  S.  cerevisiae  may  contain  other 
factors  that  regulate  tail  length.  Thus,  Nab2p  may  not  be  directly  involved.  This 
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argument  is  valid,  since  it  was  shown  that  other  proteins  do  co-purify  with  Nab2p  (K. 
Nykamp,  unpublished).  One  of  these  proteins  was  identified  as  Pablp.  Although  Pablp 
levels  were  minor  compared  to  Nab2p,  immunoinhibition  of  Nab2p  is  required  to  confirm 
that  regulation  of  poly(A)  tail  length  is  due  to  Nab2p  and  not  a contaminating  protein. 
Also,  as  previously  mentioned,  the  change  in  poly(A)  tail  length  was  not  characteristic  of 
Pablp,  suggesting  that  regulation  is  by  a Pablp-independent  mechanism.  These  results 
imply  that  Nab2p  either  regulates  poly(A)  tail  length  directly,  or  recruits/requires  other 
factors. 

Why  is  Nab2p  Function  Lost  During  Preparation  of  Extract? 

The  simplest  explanation  for  loss  of  Nab2p  activity  in  a wild  type  NAB 2 extract  is 
that  the  effective  concentration  of  Nab2p  is  too  low.  Very  little  Nab2p  may  be  required 
in  vivo  for  cells  to  survive.  Some  indication  of  the  requirement  for  Nab2p  is 
demonstrated  by  Nab2p  depletion  using  the  GAL::NAB2  strain.  Cells  continue  to  grow  at 
normal  rates  until  <5%  of  Nab2p  remains.  Since  only  5-10%  of  the  polyadenylated 
mRNA  in  a yeast  cell  is  in  the  nucleus,  the  cellular  concentration  of  Nab2p  does  not  need 
to  be  nearly  as  high  as  it  does  for  Pablp,  which  associates  with  cytoplasmic  poly(A)^ 
RNA.  The  extracts  for  yeast  polyadenylation  assays  are  also  whole-cell  extracts,  which 
further  dilutes  the  Nab2p  concentration  . The  fact  that  a whole-cell  extract  is  used  raises 
another  issue.  Nab2p  may  be  post-translationally  modified  in  the  cytoplasm. 
Modification  of  Nab2p  is  seen  under  certain  growth  conditions.  Interestingly,  the 
modified  form  of  Nab2p  cannot  be  crosslinked  to  poly(A)^  RNA  (data  not  shown), 
suggesting  the  inability  of  modified  Nab2p  to  associate  with  poly(A)’^  RNA.  Since 
Kapl04p  is  capable  of  dissociating  Nab2p  from  single-stranded  DNA  (Aitchison  et  ah. 
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1996),  Kapl04p  may  associate  with,  and  displace  Nab2p  from  the  poly(A)  tail.  Nab2p 
was  shown  to  interact  with  Kapl04p  in  a two-hybrid  screen  (Truant  et  al.,  1998). 
Kapl04p  was  also  identified  as  a component  of  a Nab2p  complex  (K.  Nykamp, 
unpublished).  A Kapl04p-Nab2p  interaction  may  prevent  any  functional  Nab2p 
interaction  with  the  RNA  substrate  in  an  in  vitro  polyadenylation  reaction. 

Regulation  of  Polyadenylate  Tail  Length  is  not  Essential 

Alterations  of  polyadenylate  tail  metabolism  are  not  lethal  to  the  cell.  Deletion  of 
either,  or  both,  of  the  Pablp-dependent  poly(A)  nucleases  results  in  poly(A)  tail  lengths 
that  are  ~20  nucleotides  longer,  with  no  apparent  growth  defect  (Brown  and  Sachs, 
1998).  PABl  can  also  be  deleted,  provided  that  mRNAs  are  stabilized  either  by 
decapping  or  exoribonuclease  mutants.  This  originally  suggested  that  precise  control 
over  poly(A)  tail  length  is  not  essential.  However,  in  vivo,  Pablp  and  PAN 
(Pan2p/Pan3p)  function  at  the  level  of  deadenylation,  after  a poly(A)  tail  is  accurately 
generated.  Generation  of  a poly(A)  tail  is  clearly  required  for  cell  growth.  This  is 
demonstrated  by  the  identification  of  many  3'-processing  factors  as  essential  genes.  My 
results  show  that  deregulation  of  nuclear  poly(A)  tail  synthesis  is  not  lethal. 
Polyadenylate  tail  length  analysis  of  nab2-21  cells  showed  that  cells  could  survive  at  the 
permissive  temperature,  even  though  poly(A)  tail  lengths  exceeded  120  nucleotides. 
Polyadenylate  tail  length  also  did  not  change  during  shift  to  the  non-permissive 
temperature,  suggesting  that  this  defect  was  not  responsible  for  the  cessation  of  cell 
growth  observed  at  the  non-permissive  temperature.  High-copy  suppression  of  a nab2A 
strain  by  Pablp  also  implied  that  the  role  of  Nab2p  in  regulation  of  poly(A)  tail  length  is 
not  essential,  since  the  poly(A)  tail  defect  in  suppressor  cells  was  not  resolved. 
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Nab2p-Dependent  Regulation  of  Poly(A)  Tail  Length  is  Message  Specific 

Regulation  of  polyadenylate  tail  length  is  message  specific  at  the  level  of 
deadenylation.  Specific  mRNA  deadenylation  is  mediated  hy  the  poly(A)  nuclease 
(PAN)  (Brown  and  Sachs,  1998).  Initially,  mRNAs  receive  a poly(A)  tail  of  ~70  to  90 
nucleotides  and  are  then  processed  hy  PAN  to  different  lengths,  depending  on  the 
mRNA.  The  data  presented  here  demonstrate  that  nuclear  poly(A)  tail  length  depends  on 
Nah2p,  and  is  also  mRNA  specific.  Ligation-mediated  poly(A)  tail  (LM-PAT)  analysis 
was  used  to  confirm  in  vivo  hyperpolyadenylation  of  specific  mRNAs  during  Nah2p 
depletion.  The  data  show  that  mRNA  poly(A)  tail  lengths  are  not  the  same  for  all 
mRNAs  during  Nah2p  depletion.  Rather,  poly(A)  tail  lengths  vary  dramatically 
depending  on  the  mRNA.  DDR2  and  SEDl  mRNAs  received  relatively  long  poly(A) 
tails  (increases  of  >80^  nucleotides)  when  Nah2p  was  depleted.  Polyadenylate  tails  on 
SEDl  and  DDR2  are  representative  of  the  poly(A)  tail  length  seen  hy  3 ’-end  labeling  of 
total  RNA  during  Nab2p  depletion.  Polyadenylate  tails  for  TPIl,  PGKl  and  CYH2  were 
modestly  increased  during  Nab2p  depletion  (~  10-20  nucleotides).  A similar  analysis  of 
CYCl  demonstrated  no  detectable  change  in  poly(A)  tail  length  during  Nab2p  depletion. 
Using  an  alternative  method  of  poly(A)  tail  length  analysis  (oligo-directed  RNase  H 
cleavage),  poly(A)  tails  for  CYH2  were  shown  to  decrease  in  length  during  Nab2p 
depletion.  This  is  contradictory  to  the  poly(A)  tail  length  increase  (~  10-20  nucleotides) 
seen  using  LM-PAT.  I believe  the  discrepancy  is  a result  of  two  issues,  (i)  Ligation- 
mediated  RT-PCR  is  a highly  sensitive  assay  for  detecting  small  poly(A)  tail  length 
changes.  The  PCR  step  is  performed  using  [a-^^P]-dATP  to  label  the  poly(A)  tails. 

32 

Using  [a-  P]-dATP  results  in  preferential  visualization  of  longer  poly(A)  tails  due  to 
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incorporation  of  more  radio-labeled  nucleotide,  (ii)  Ligation  mediated  RT-PCR  analysis 
is  also  less  sensitive  to  levels  of  the  mRNA,  since  the  amount  loaded  in  each  lane  is 
equalized  base  on  counts.  Longer  poly(A)  tails  for  CYH2  were  not  detected  using  oligo- 
directed  RNase  H cleavage  because  of  the  small  change  in  tail  length,  but  mainly  due  to 
decreasing  mRNA  levels  during  Nab2p  depletion. 

The  Yeast  HnRNP  Nab2p  is  Required  for  Nucleocytoplasmic  Export  of  mRNA 

The  conditional  lethal  nab2  mutants  analyzed  in  this  study  show  defects  in  mRNA 
export.  The  distribution  of  polyadenylated  RNA  in  nab2-21  cells  is  normal  at  the 
permissive  temperature,  while  nuclear  accumulation  was  evident  at  the  non-permissive 
temperature.  This  suggested  that  cells  stopped  growing  due  to  a problem  with  mRNA 
export.  This  conclusion  was  confirmed  by  high  copy  suppression  analysis  of  a nab2 
deletion.  The  poly(A)-binding  protein  Pablp  was  the  only  suppressor  identified  in  this 
screen.  High-level  expression  of  Pablp  in  a nab2h  strain  completely  resolved  the 
poly(A)^  RNA  export  defect  seen  in  these  cells,  but  did  not  restore  regulation  of  poly(A) 
tail  length.  Again,  this  suggests  that  Nab2p  is  required  for  mRNA  export. 

Nuclear  Functions  of  the  Poly(A)-Binding  Protein  Pablp 

Pablp  has  been  reported  to  function  in  both  the  cytoplasm  and  the  nucleus.  In  the 
cytoplasm,  Pablp  associates  with  the  poly(A)  tail  and  protects  the  mRNA  from  5’- 
decapping  by  Dcplp  (Caponigro  and  Parker,  1995).  Pablp  also  protects  the  mRNA  fi'om 
3’  ^ 5’  degradation.  The  efficiency  of  translation  initiation  is  increased  by  Pablp- 
mediated  recruitment  of  the  60S  ribosomal  subunit  (Sachs  and  Davis,  1989).  Translation 
of  most  mRNAs  in  S.  cerevisiae  is  stimulated  by  the  presence  of  a poly(A)  tail  (lizuka  et 
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al.,  1994).  Pablp  interaction  with  the  translation  factor  eIF4G  is  believed  responsible  for 
poly(A)  tail/cap-dependent  translation.  Pablp  only  binds  to  elF4G  when  Pablp  is  also 
bound  to  a poly(A)  tail  (Tarun  et  al.,  1997).  Since  eIF4G  also  binds  the  cap-binding 
protein  eIF4E,  the  Pablp-elF4G  interaction  only  stimulates  translation  of  capped  and 
polyadenylated  mRNAs  (Sachs  and  Varani,  2000;  Tarun  and  Sachs,  1996;  Tarun  et  al., 
1997).  It  is  possible  that  high  copy  suppression  of  a nablA  strain  by  Pablp  was  a result 
of  mRNA  stabilization  and  increased  translation.  However,  because  the  poly(A)^  RNA 
export  defect  was  completely  resolved,  I favor  an  alternative  nuclear  function  for  Pablp. 

Pablp  has  been  shown  to  be  required  for  regulation  of  poly(A)  tail  length  in  vitro. 
However,  conditional  lethal  pabl  alleles  and  pablA  strains  do  not  show  defects  in 
regulation  of  poly(A)  tail  length  of  the  magnitude  seen  in  vitro.  This  suggests  that  Pablp 
is  not  essential  for  polyadenylation  in  vivo.  This  is  consistent  with  my  results,  which 
demonstrated  that  polyadenylate  tail  lengths  were  only  modestly  reduced  (~20 
nucleotides)  in  nab2A  pP AB 1 suppressor  cells. 

The  human  poly(A)-binding  protein  PABPl  has  been  shown  to  shuttle  between 
the  nucleus  and  cytoplasm  (Afonina  et  al.,  1998).  Although  supportive  of  a role  in 
mRNA  export,  neither  PABPl  nor  Pablp  have  been  implicated  in  nucleocytoplasmic 
RNA  transport.  Interestingly,  the  pabl-53  strain  has  been  reported  to  be  impaired  for  the 
production  of  CUP  1 and  HISS  mRNAs,  suggestive  of  a role  for  Pablp  in  nuclear  mRNA 
metabolism  (Morrissey  et  al.,  1999).  Resolution  of  the  poly(A)^  RNA  export  defect  in 
nab2A  cells  by  high-level  expression  of  Pablp  implies  a potential  nuclear  role  for  Pablp 
in  mRNA  export. 
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Full-length  Pablp  levels  were  modestly  increased  in  suppressor  cells.  The  major 
fraction  of  Pablp  in  suppressor  cells  was  due  to  a truncated,  ~53  kDa  form  of  Pablp 
(Pablp*).  A 53  kDa  form  of  Pablp  was  identified  previously  as  the  nuclear  form  of 
Pablp  (Sachs  et  al.,  1986;  Sachs  and  Komberg,  1985).  The  53  kDa  form  of  Pablp  is  a 
carboxy-terminal  truncation  that  does  not  contain  the  motifs  required  to  recruit  the 
poly(A)  nuclease  (PAN)  (Brown  and  Sachs,  1998).  Thus,  Pablp*  would  not  stimulate 
deadenylation.  This  may  be  of  benefit  to  the  cell,  stabilizing  the  mRNA  in  the  nucleus 
and  possibly  facilitating  mRNA  export. 

Polyadenylated  RNA  in  the  Nucleolus 

Interestingly,  all  nab2  mutants  accumulate  poly(A)^  RNA  in  the  nucleolus.  The 
significance  of  nucleolar  accumulation  of  poly(A)’^  RNA  is  not  clear.  Most  mutants 
defective  in  mRNA  export  show  a diffuse  nuclear  accumulation  of  poly(A)^  RNA.  This 
is  true  for  ratl-1,  rnal-1,  and  prp20-Hmtrl-l  mutants.  However,  some  mRNA 
trafficking  mutants,  mtr2,  mtr4  and  rrp6,  show  focal  accumulation  of  poly(A)^  RNA 
(Kadowaki  et  al.,  1994).  Two  alternative  explanations  can  account  for  the  nucleolar 
poly(A)’^  RNA  accumulation,  (i)  Nucleolar  RNAs  are  polyadenylated  in  nab2  cells,  (ii) 
mRNA  is  normally  routed  through  the  nucleolus  and  is  blocked  in  nab2  cells.  Support 
for  both  of  these  possibilities  exists.  Mutants  in  rrp6  and  mtr4  have  also  been 
demonstrated  to  polyadenylate  specific  snoRNAs  (van  Hoof  et  al.,  2000).  Since 
snoRNAs  are  mainly  nucleolar,  for  mtr4  and  rrp6  mutants,  focal  accumulation  of 
poly(A)’^  RNA  may  be  explained  by  the  polyadenylation  of  nucleolar  RNAs  (van  Hoof  et 
al.,  2000). 
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Why  are  nucleolar  RNAs  (such  as  snoRNAs)  polyadenylated?  The  RNA 
component  (TLCl)  of  the  telomerase  enzyme  is  present  in  cells  as  both  poly(A)'  and 
poly(A)^  RNA.  It  was  shown  that  poly(A)^  TLCl  RNA  is  chased  into  a poly(A)'  form 
(Chapon  et  al.,  1997).  Based  on  this  result  it  is  believed  that  TLCl  is  transcribed  and 
initially  polyadenylated,  but  the  tail  is  removed  during  maturation.  SnoRNAs  that  are 
monocistronic  or  polycistronic  also  start  off  as  poly(A)^  RNAs,  but  are  rapidly  processed 
to  their  mature  form.  The  snRNA  U2  has  been  demonstrated  to  exist  as  a polyadenylated 
form  when  3'-end  cleavage  by  Rntlp  is  disabled  (Abou  Elela  and  Ares,  1998). 
Interestingly,  polyadenylation  isn't  always  coupled  to  transcription  termination  in  yeast. 
Certain  intron-residing  snoRNAs  were  shown  to  undergo  polyadenylation,  only  after 
cleavage  by  Rntlp  (van  Hoof  et  al.,  2000).  All  of  these  data  imply  that  polyadenylation 
is  a normal  part  of  non-mRNA  biogenesis. 

Polyadenylation  of  RNAs  in  bacteria  may  provide  some  insight  into  the  function 
of  polyadenylation  of  small  stable  RNAs  in  yeast.  Bacteria  have  been  shown  to 
polyadenylate  up  to  50%-80%  of  their  mRNA,  depending  on  the  species  (Steege,  2000). 
Many  of  the  RNAs  polyadenylated  in  bacteria  end  in  a stable  RNA-hairpin  structure. 
Polyadenylation  has  been  shown  to  stimulate  degradation  of  the  RNA  by  providing  a 
single  stranded  region  for  bacterial  exonucleases  to  initiate  degradation  (Blum  et  al., 
1999).  All  mature  snoRNAs  are  believed  to  end  in  RNA  hairpin  structures,  which 
stabilize  the  snoRNA  by  preventing  attack  by  3'-^ 5'  exonucleases.  Polyadenylation  of 
snoRNAs  in  yeast  may  also  be  required  to  stimulate  degradation.  Nab2p  shares  structural 
characteristics  with  the  prospective  RNA  endonuclease  clipper,  making  it  a candidate  for 
polyadenylation-mediated  snoRNA  degradation  (Bai  and  Tolias,  1996).  Nucleolar  RNAs 
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were  analyzed  for  polyadenylation  in  nab2  mutants,  but  no  evidence  was  found 
suggesting  that  non-mRNAs  were  polyadenylated.  In  fact,  a cDNA  library  screen  from 
Nab2p  depleted  cells  revealed  only  mRNAs.  None  of  the  intron-containing  mRNAs 
isolated  are  known  hosts  for  snoRNAs  either,  further  suggesting  Nab2p-dependent 
hyperpolyadenylation  does  not  affect  snoRNAs.  Alternatively,  certain  mRNAs  have 
been  localized  to  the  nucleolus.  The  ASHl  3’-UTR  accumulates  in  the  nucleolus  in 
mex67-5  cells  at  the  non-permissive  temperature  (Brodsky  and  Silver,  2000).  Since  only 
mRNAs  demonstrate  hyperpolyadenylation  during  Nab2p  depletion,  the  nucleolar 
accumulation  of  poly(A)^  RNA  in  nabl  mutant  cells  is  most  likely  a result  of  mRNA 
accumulation. 


Nucleolar  Function  is  Compromised  in  nab2  Strains 

Although  monocistronic  and  polycistronic  snoRNAs  showed  no  detectable 
processing  defects  in  nab2  mutant  cells,  intron-residing  snoRNAs  were  affected.  Loss  of 
Nab2p  correlated  with  increased  transcript  sizes  for  the  intron-residing  snoRNAs  snR39 
and  U18,  as  determined  by  RNA  blot  analysis.  While  the  two  snoRNAs  did  not  appear  to 
be  polyadenylated,  the  detection,  and  size,  of  the  larger  forms  was  suggestive  of  a defect 
in  processing  the  snoRNA  from  the  liberated  intron-lariat.  Components  of  the  exosome 
have  been  demonstrated  to  be  required  for  maturation  of  various  nucleolar  RNAs 
including  rRNA,  snRNA,  as  well  as  snoRNAs.  One  possible  explanation  for  the 
maturation  defect  is  that  the  poly(A)^  RNA  accumulating  in  the  nucleolus  has 
compromised  the  efficiency  of  snoRNA  processing  by  the  exosome.  While  my  results 
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are  not  suggestive  of  a direct  role  for  Nab2p  in  intronic  snoRNA  maturation,  it  is 
interesting  that  only  intron-residing  snoRNAs  were  affected. 

Roles  for  HnRNPs  in  Processing  Stress  Response  mRNAs 

Recently,  hnRNPAl  was  identified  as  a potential  regulator  of  the  osmotic  stress 
response  in  higher  eukaryotes.  Under  osmotic  stress  conditions,  hnRNP  A1  is 
phosphorylated  and  accumulates  in  the  cytoplasm  (van  der  Houven  van  Oordt  et  al., 
2000).  Cytoplasmic  accumulation  of  hnRNP  Al  also  correlated  with  a shift  in  the 
alternative  splicing  pattern  of  a reporter  construct.  Message  specific  processing  of 
mRNAs  by  PAN  is  hypothesized  to  regulate  mRNA  stability  and  translation,  which  are 
both  dependent  on  the  poly(A)  tail.  Nab2p-dependent  regulation  of  poly(A)  tails  may 
also  function  in  regulating  gene  expression.  Interestingly,  the  mRNAs  most  affected  by 
loss  of  Nab2p  are  mRNAs  that  code  for  proteins  required  for  osmotic  and  oxidative  stress 
responses.  My  research  has  also  shown  that  nab2-21  cells  exhibit  an  increased  sensitivity 
to  osmotic  and  oxidative  stresses.  Since  Nab2p  is  essential  for  mRNA  export,  I believe 
the  increased  sensitivity  of  nab 2- 21  cells  to  osmotic  and  oxidative  stresses  is  a result  of 
defects  in  the  export  of  mRNAs  specific  for  survival  under  these  conditions. 

Nab2p  May  Direct  mRNPs  to  the  Nuclear  Pore 

It  is  becoming  clear  that  each  step  of  RNA  processing  does  not  occur 
independently  of  other  processing  events.  Rather,  many  RNA  processing  events  occur 
simultaneously.  Splicing  has  been  demonstrated  to  occur  cotranscriptionally,  and  3’- 
terminal  exon  splicing  is  coupled  to,  and  enhanced  by,  3 ’-end  cleavage  and 
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polyadenylation  (Dye  and  Proudfoot,  1999).  Cleavage  of  the  mRNA  during  3 ’-end 
formation  has  been  shown  to  stimulate  transcription  termination  in  yeast  (Yonaha  and 
Proudfoot,  2000).  Failed  3 ’-end  formation  produces  elongated  3’UTRs,  which  are 
retained  in  the  nucleus  (Long  et  ah,  1995).  The  5’-cap  has  also  enhances  3’-end 
formation  (Flaherty  et  ah,  1997).  Although  processing  events  can  be  separated  and 
studied  independently  in  vitro,  each  RNA  processing  step  is  coordinately  regulated  in 
vivo.  This  allows  the  detection  and  removal  of  incorrectly  processed  transcripts  before 
they  are  exported  to  the  cytoplasm  where  they  could  be  translated  into  toxic  protein 
products. 

How  are  RNA  processing  events  coupled  to  each  other  in  vivo?  Most  RNA 
processing  events  are  coupled  to  transcription  by  association  of  processing  factors  with 
the  carboxy-terminal  domain  of  the  elongating  RNA  polymerase  II.  However,  a new 
mechanism  is  emerging.  Recently,  splicing  was  shown  to  generate  an  exportable  mRNP. 
The  splicing  reaction  alters  the  protein  composition  of  the  mRNP  complex  by 
incorporation  of  specific  proteins  only  after  splicing  has  been  completed  (Luo  and  Reed, 
1999).  In  metazoans,  two  of  these  proteins  (Y14  and  Aly)  have  been  identified  (Kataoka 
et  ah,  2000;  Zhou  et  ah,  2000).  The  process  of  3 ’-end  formation  was  also  shown  to 
facilitate  mRNA  export  (Huang  and  Carmichael,  1996).  This  suggested  that  3 ’end 
formation  might  alter  the  protein  composition  of  the  3 ’-end  processed  mRNP,  targeting  it 
for  export. 

One  possible  role  of  Nab2p  is  packaging  of  the  3 ’-end  of  the  mRNA  following 
cleavage  and  polyadenylation.  Nab2p  may  actively  target  mRNPs  to  the  NPC  by 
recruiting  an  export  factor  (Figure  24A).  It  is  also  possible  that  a naked  poly(A)  tail  is 


Figure  24.  Nab2p  may  package  the  3'-end  of  mRNAs  that  are  cleaved  and 
polyadenylated.  Similar  to  the  role  of  Y14  and  Aly  in  specifying  the  splicing  history  of 
an  mRNP,  Nab2p  may  associate  only  with  mRNAs  that  are  accurately  3'-end  processed. 
In  this  model,  only  cleaved  and  polyadenylated  Nab2p-containing  mRNPs  would  be 
routed  to  the  nuclear  pore  for  export  to  the  cytoplasm.  (A)  Nab2p  is  an  export  adaptor 
and  recruits  an  export  receptor  (ER).  (B)  Nab2p  binding  to  the  poly(A)  tail  displaces  a 
nuclear  retention  factor(s)  (NRF). 
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inhibitory  to  mRNA  export.  Thus,  Nab2p  would  displace  a nuclear  retention  factor 
(Figure  24B).  The  retention  factor  could  be  a novel  RNA-binding  protein  or  a known 
component  of  the  3'-end  processing  machinery.  In  this  model,  the  Nab2p-mRNP  would 
signal  the  completion  of  3 ’-end  formation,  allowing  nucleocytoplasmic  export  of  the 
mature  mRNP.  Consistent  with  this  model,  Nab2p  was  recently  shown  to  accumulate  at 
the  nuclear  pore  with  poly(A)^  RNA  in  toml  mutant  cells  (Duncan  et  al.,  2000). 
However,  Nab2p  did  not  co  localize  with  a non-NPC  associated  sub-population  of 
poly(A)^  RNA  in  mex67  mutant  cells,  suggesting  that  Nab2p  may  not  be  incorporated 
into  the  mRNP  until  the  mRNP  is  ready  for  export. 

Limitations 

One  limitation  of  this  study  was  the  lack  of  conditional  lethal  alleles.  Multiple 
attempts  were  made  to  generate  conditional  lethal  alleles  using  PCR-induced 
mutagenesis.  However,  I was  unable  to  identify  new  nab2  mutant  alleles.  This  limited 
the  genetic  analysis  of  NAB2  to  using  the  two  existing  conditional  lethal  alleles. 
Unfortunately  these  alleles  were  not  highly  amenable  to  genetic  analysis.  The  nab2-13 
allele  was  not  used  due  to  temperature  sensitivity  at  both  low  and  elevated  temperatures, 
as  well  as  a decreased  cellular  concentration  of  Nab2p.  The  nab2-21  allele  was  useful  for 
analyzing  RNA  processing  defects.  However,  this  allele  is  a truncation  mutant.  Unlike  a 
point  mutant,  use  of  the  nab2-21  allele  to  genetically  identify  potential  physically 
interacting  proteins  was  limited.  This  left  the  conditional  null  allele,  which  was  used  to 
identify  Pah  Ip  as  a high-copy  suppressor.  Another  limitation  of  this  study  was  the  lack 
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of  recombinant  Nab2p.  New  methods  of  recombinant  protein  production  that  do  not 
require  bacterial  expression  should  be  helpful  in  this  area. 

Conclusions 

I have  demonstrated  here  that  the  yeast  hnRNP  Nab2p  is  a nuclear  polyadenylate 
tail  binding  protein  required  for  both  regulation  of  poly(A)  tail  length  and 
nucleocytoplasmic  export  of  mRNA.  I have  also  shown  that  regulation  of  poly(A)  tail 
length  and  mRNA  export  are  not  obligatorily  coupled  events  in  yeast.  My  research 
suggests  that  different  hnRNPs  are  involved  in  processing  of  different  classes  of  mRNA. 
Nab2p  appears  to  be  required  for  processing  of  mRNAs  induced  by  the  stress  response. 
Interestingly,  it  appears  that  NAB2  is  also  up  regulated  during  stress  conditions.  NAB2 
mRNA  is  induced  5.6-fold  by  the  DNA  damaging  agent  methyl  methane-sulfonate 
(MMS).  The  NAB2  gene  also  contains  a proteasome-associated  control  element  (PACE), 
which  is  an  upstream  transcriptional  activating  sequence  found  in  the  promoters  of  most 
of  the  proteasomal  yeast  genes,  as  well  as  a number  of  promoters  of  genes  related  to  the 
ubiquitin-proteasome  pathway. 

Alternative  3 ’-end  processing  is  fairly  well  documented  in  higher  eukaryotes 
(Edwalds-Gilbert  et  al.,  1997).  Examples  of  alternative  cleavage  site  usage  also  exist  in 
yeast  (Sparks  et  al.,  1997).  Demonstrating  that  regulation  of  poly(A)  tail  length  in  yeast 
is  mRNA  subclass  specific  adds  another  level  of  complexity  to  3 ’-end  formation  and 
changes  the  way  we  think  about  3 ’-end  processing.  Nab2p  is  the  second  yeast  hnRNP 
demonstrated  to  function  in  3 ’-end  processing.  Since  many  aspects  of  3 ’-end  processing 
appear  to  be  conserved  between  mammalians  and  yeast,  the  identification  of  yeast 
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hnRNPs  as  3 ’-end  processing  components  suggests  that  metazoan  hnRNPs  will  also  be 
required  for  some  aspect  of  3 ’-end  formation.  My  research  also  questions  the  role  of 
Pablp  in  regulation  of  nuclear  poly(A)  tail  length.  Since  high  level  expression  of  Pablp 
did  not  resolve  defects  in  poly(A)  tail  length,  Pab  1 p either  plays  no  role  in  regulation  of 
nuclear  poly(A)  tail  length,  or  Pablp  and  Nab2p  have  similar  functions  for  different 
subclasses  of  mRNA. 

Finally,  numerous  observations  suggest  that  the  results  of  my  research  will  be 
applicable  to  other  organisms.  First,  Nab2p  is  similar  to  developmentally  regulated 
metazoan  proteins  such  as  clipper.  Nab2p  also  interacted  with  various  human  proteins  in 
a two-hybrid  screen.  More  importantly,  functional  information  pertaining  to  Nab2p  may 
advance  our  understanding  of  human  genetic  disorders  that  stem  from  defects  in  RNA 
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APPENDIX 


OLIGONUCLEOTIDES,  YEAST  STRAINS  AND  PLASMIDS 


DNA  oligonucleotides  used  in  this  study 

MSS#  Sequence 

909  5'-GCTAACAAGGAAAAGAGAGCC 
908  5'-GTTAAACCCCGATATTACACC 
907  5'  GCCACTCCAACAAATTGGCC 

906  5'-AAGCTGTTGAAGCTTAATGCTCTATGTAATCAC 
CTAC 

905  5’-GCCCAAGCTGCTAATGAACGTATGCATGTCTTG 
904  5'-TTCATTAGCAGCTTGGGCACGACCAACGTATAA 
903  5'-TAGTTCAGAGTCTGTCTTATCAGTAATATCAGCC 
902  5'-AAACTGATAAGACAGACTCTGAACTAAATGGAG 
AAAA 

90 1 5'-CATAGAGCATTAAGCTTCAACAGCTTTCACAGC 

900  5'-CCGCTGCCGGTTAATGCTCTATGTAATCACCTAC 
899  5'-CATAGAGCATTAACCGGCAGCGGCGGCG 
892  5'-GCGCCCGGGGAGGTCATACTGTATGAAGCC 
857  5'-GGGAATTCAACGGTGGTGTTTGACACATCC 
846  5'-TCCTCCCACATCCGCTCTAACCG 
845  5'-CCTACCAAGCACACTGTCGCCACC 
844  5'-AGCTAGATTCGTCTCCAAGTTGGC 
843  5'-GGTCGGTGGTGCTTCTTTGAAGCC 
842  5'-CCCTTGTCGTCATGGTCGA 
841  5'-ATCAGACTGACGTGCAAATCAT 
840  5'-TCCCATCATAAACACGGACC 
839  5'-GTAAGAAGCATTTCCACATGGG 
826  5'-CTGAGGAGGGACTATTTAAGTGG 
825  5'-CCGTTATACCACCATCTTTGTGGG 
824  5'-CGTTATTAAACTACTTATTTTCGGTTACGTAG 
ATGAAATA 

823  5'-CTCTGGGGCCTATAGATGGAATATCAAAGG 
8 1 6 5'-ACAGTGGAGGTATGTCAGTAAAGGCTTATT 
8 1 5 5'-AGTGGACTGTCTTTGTTGCGTAACTGACGA 

8 1 0 5'-TGGCTTATGACGATGAGAA 
809  5'-CAAACCCCATTATGAGTAAA 
808  5'-TGCTGCTACTTCATCGCATCTTTGTATTTA 
807  5'-CTCTTCAACCGTTGGGCCGTTGTCTGGTGC 
806  5'-ATTGAAATGCATTCACAATATGGTAAGCCT 
805  5'-AAAGATTATCTGCTTCATCA 
804  5'-TGGGGCCTATAGATGGAATATCAAAGGGGA 
803  5'-TCGTGGCAGTAAGCGGCGTT 


Name/Description 

5'RPL6A-PROBE 

3'MTR2-PROBE 

5’MTR2-PROBE 

PAB1-3B 

PAB1(K296K297-AA)B 
PAB 1 (K296K297-AA)A 
PAB1-5B 
PAB  1-5  A 

PAB  1-3  A 

PAB1-2B 

PAB1-2A 

5'Smal-PABl 

5'SEDlpre(EcoRl) 

CYC  1 (PAT) 

APE3(PAT) 

CYH2(PAT) 

TPI1(PAT) 

SNR  190 
SNR72 
U18 
SNR44 

CWH41(PAT) 

SED1(PAT)#2 

DDR2-PROBE(B) 

DDR2-CLEAVE(B) 

CWH41 -PROBE 

CWH41 -CLEAVE 

SSA4-3'RP 

SSA4-5'RP 

SSA4-PROBE 

SSA4-CLEAVE 

YFR055W-PROBE 

YFR055W-CLEAVE 

DDR2-PROBE 

DDR2-CLEAVE 
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MSS#  Sequence 

794  5'-AGGAAAAAATTTTCGATTAAAATTACTTAA 
793  5'-ACCGAGAGAAAATCATCGGAAAAATGTGGC 
792  5'-GGAGAGCACATTAATAAGTTTGTATTAAAGA 
79 1 5'-AAACGATACTGCTCAGGGCAATTTAGGGGC 
78 1 5'-AAGAAAAAGAAGAATTAAATATAGCATATC 
780  5’-GGCTTTGATAATCTTCTTTTTCTCTG 
779  5'-GCCCCAGAGTAGTAAATTTGGTGC 
778  5'-TCGTTTCATGTCTAGTCTCTTTAAAG 
777  5'-ATTAGTGGAAGCTGAAACGCAAGG 
776  5'-CAGGTTATTGAATTTTCCCATCTGG 
775  5'-CTACACGCTTGCACATCTCAGAAG 
774  5'-GATTGTGCTGGAAAAGTTTAAAGGG 
757  5'-CACTGTCGCTAAGAAGTACGG 
756  5'-GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT 
755  5'-CGCTCGAGCAGCGGATAGCGC 
745  5'GGGGGATCCCTGTTACGGTTGCTTTCCC 
744  5 '-GGGTCTAGAAGGTC  ATACTGTATGAAGCC 

736  5'-TTCACGGTTACCGAAAGAACCACCTTGGAT 
735  5'-TGTTACACGGCATTATCACTCAATGGTTTT 
734  5'-ACCTTAATACCTTAACTCTC 
73 1 5'-CACCGTGTGCATTCGAATTGTCTGC 
730  5'-CATGGCAATTCCCGGGGATCTAGTATAGTC 
TATAGTCCGTG 

727  5'-GTGCAAATCATTTGATGAGACGTTTTCTTC 
726  5'-TTAAAGAGACCAATCTAGTACAGTGTGAAT 
725  5'-CACATGAGGTGTAATCCATAACCGTGTAAG 
724  5'-CAATGACTAGTCGAATATGTATTGGGATAC 
7 1 9 5'-GGTGTCATAATCAACCAATCGTAAC 
718  5'-CTACTCATCCTAGTCCTGTTGCTGC 
7 1 7 5'-CATGGCAATTCCCGGGGATCGACAGCTTAT 
CATCGATAAGC 

7 1 6 5'-CATGGTGGTCAGCTGGAATTCATTACGACC 
GAGATTCCC 

7 1 5 5'-GATCCCCGGGAATTGCCATGTCAGTTCATT 
TCCGTATCTTG 

7 1 4 5'-AATTCCAGCTGACCACCATGATGTCTCAAG 
AACAGTACACA 

713  5'-AGCTTTGTCACCTTCCCC 

7 1 2 5'-CTAAGTACTTACATAATAGGTAGAGGCCTA 

711  5 '-CAAGTAACAAGCACATCGA 

7 1 0 5'-CATATGTGATTTCACAATGCTACATAAGCG 

709  5'-TAACTGGGCCCTTCACGT 

708  5'-CCTAACGCAAACGACGAGCTTCACGTTCAG 

707  5'-GGAGGATCCTACGACCTTTACCGGC 

706  5'-GGCGAATTCCCATTTGGAAGAGGG 

705  5'-AACCGGCTGCCAAAGTG 

704  5’-GATGCGCTTAAGCGATCAATTCAACAACA 


Name/Description 
HOR7-PROBE 
HOR7-CLEAVE 
SEDl -PROBE 
SEDl -CLEAVE 
SESl(PAT) 

SCW4(PAT) 

DDR2(PAT) 

SEDl  (PAT) 

TYIB(PAT) 
YFR039C(PAT) 
INTERGENIC(#43) 
INTERGENIC(#1 1) 
PGKl(PAT) 

01igo(dT)-primer/anchor 

3'-XH01-NAB2(+1831) 

5'-BamHI-PABl 

5'-XbaI-PAB  1 

RPL6A(PROBE) 

RPL6A(PROBE)Int  2 

RPL6A(CLEAVE) 

URA3-INT-3'(#2) 

URA3L-AD-B(#42) 

SNR72 

SNR51 

SNR44 

SNR39 

URA3-INT-3' 

URA3-INT-5' 

URA3-AD-B 


URA3-AD-A 


NAB2-AD-B 

NAB2-AD-A 

CTF8(CLEAVE) 

CTF8(PROBE) 

SFOl  (CLEAVE) 

SFOl  (PROBE) 

RPS33(CLEAVE) 

RPS331  (PROBE) 

3'-CYH2(INTRON) 

5’CHY2(INTRON) 

CYH2(CLEAVE) 

CYH2(PROBE) 
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Y east  strains 


DesignationGenotype 

Source 

yJA513 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2A5(URA3) 

(Anderson,  1995) 

yJA515 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2.19(77lP7) 

(Anderson,  1995) 

yJA517 

MATa/a  leu2A2/leu2A  ura3-52/uraS-52  NAB2/nab2A::LEU2 
pGAL::NAB2 

(Anderson,  1995) 

yJA517-lC 

MATa  leu2A2  ura3-52  nab2A::LEU2  pGAL::NAB2 

(Anderson,  1995) 

yJA517-lD 

MATa  leu2A2  uraS-52  NAB 2 

(Anderson,  1995) 

yJA213 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2-13(ri?P7) 

(Anderson,  1995) 

yJA219 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2-19(77lP7) 

(Anderson,  1995) 

yJA220 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2-20(77?P;) 

(Anderson,  1995) 

yJA221 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2-21(77?/’;) 

(Anderson,  1995) 

yJA223 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
TRPl  ::nab2-21 

(This  study) 

yJA224 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2.42(ri?F7) 

(This  study) 

yJA225 

MATa  leu2A2  his3A200  trpl-189  ura3-52  nab2A::LEU2 
pNAB2.40(77?P/) 

(This  study) 

L4717 

MATa  ade2  canl-100  his3-ll,15  leu2-3,112  trpl-1  ura3-l  GAL+ 

(Minvielle-Sebastia,  L.) 

L4718 

MATa  ade2  canl-100  his3- 11,15  leu2-3,112  trpl-1  ura3-l  GAL+ 

(Minvielle-Sebastia,  L.) 

yRHlOO 

MATa/a  ade2/ade2  canl-lOO/canl-100  his3-l  1,1 5/his3-l  1,15 
leu2-3,l  12/leu2-3,l  12  trpl-1 /trpl-1  ura3-l/ura3-l 

(This  study) 

yRHlOl 

MATa/a  ade2/ade2  canl-lOO/canl-100  his3-l  1,1 5/his3-l  1,15 
leu2-3,l  12/leu2-3,l  12  trpl-l/trpl-1  ura3-l/ura3-l 

NAB2/nab2A::HIS3 

(This  study) 

yRH201C 

MAT?  ade2  canl-100  his3- 11,15  leu2-3,112  trpl-1  ura3-l 
nab2A::HIS3  pGAL::NAB2 

(This  study) 
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Yeast  strains 


DesignationGenotype 

Source 

yRH202 

MAT?  ade2  canl-100  his3-Il,15  leu2-3,112  trpl-1 
nab2A::HIS3  pGAL::NAB2  YEpl3 

ura3-l 

(This  study) 

yRH203 

MAT?  ade2  canl-100  his3-11.15  leu2-3,112  trpl-1 
nab2A::HlS3  ipGAL\-A^AB2  pPABl 

ura3-l 

(This  study) 

yRH204 

MAT?  ade2  canl-100  his3-ll,15  leu2-3,112  trpl-1 
nab2A::HIS3  pPABl 

ura3-l 

(This  study) 

yHCS220 

MAT?  ade2  canl-100  his3-ll,15  leu2-3,112  trpl-1 
nab2A::HIS3  pGAL::NAB2  pHCS220 

ura3-l 

(This  study) 

yRH221 

MAT?  ade2  canl-100  his3- 11,15  leu2-3,112  trpl-1 
nab2A::HIS3  pnab2-21 

ura3-l 

(This  study) 

yRH222 

MAT?  ade2  canl-100  his3-ll,15  leu2-3,112  trpl-1 
nab2A : :HIS3  pnab2-2 1 pP AB 1 

ura3-l 

(This  study) 

Plasmids 

Name 

Description 

pNAB2.15 
pNAB2.19 
pnab2-2 1 
pGAL::NAB2 
pNAB2-3B6 

pPlD53 

pG4-CYCl 

pG4-CYCl-pre 


Pvul/Nsil  fragment  (nt  -496  to  1961),  blunt-ended  and  subcloned  into  Smal  cut 
pRS316  (Sikorski  and  Boeke,  1991) 

PvuI/Nsil  fragment  (nt  -496  to  1961),  blunt-ended  and  subcloned  into  Smal  cut 
pRS314  (Sikorski  and  Boeke,  1991) 

EcoRI/SstI  fragment  generated  by  PCR- induced  deletion  (Anderson,  1995)  cloned 
into  EcoRI/SstI  cut  pRS314  (Sikorski  and  Boeke,  1991) 

Bglll/Sall  fragment  from  pNAB2-3B6  subloned  into  BamHI/Sall  cut  pRD53  (gift  of 
R.J.  Deshaies,  university  of  California,  San  Francisco,  CA). 

NAB2  coding  sequence,  generated  by  PCR  using  primers  MSS47  and  MSS48, 
inserted  into  pSP72  cut  with  EcoRI/BamHI  (include  nt  -29  to  1831)  (Anderson, 
1995) 

EcoRI/BamHI  fragment  containing  the  GAL  1,10  promoter  region  subcloned  into 
Spel/BamHI  cut  pRS3 16  (Sikorski  and  Boeke,  1991) 

237  nucleotideTaqI  fragment  from  the  3’  UTR  of  CYCl  cloned  into  the  AccI  site  of 
pGEM4  (Promega)  (pG4-CYCl  was  a gift  of  T.  Platt,  University  of  Rochester 
Medical  Center,  Rochester,  NY) 

CYCl  amplified  by  PCR  with  the  5’  primer  (5'-CTCTAGACGATATCATGTAATT 
AGTT-3')  and  a 3'  primer  complementary  to  the  poly(A)  site  (5’-GGAATTCCATAT 
CAAATATAAATAACGTTCTT-3'),  Digested  with  Xbal/EcoRI  and  cloned 
into  pGEM4  at  the  same  sites  (gift  of  Lionel  Minvielle-Sebastia,  Institut  de 
Biochimie  et  Genetique  Cellulaire, ) 
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Plasmids 


Name 

Description 

pSEDlpre 

SEDl  3'-UTR  PCR  amplified  from  L4717  genomic  DNA  using  primers  MSS857 
and  MSS  , blunt-ended  and  cut  with  EcoRI  and  then  subcloned  into  EcoRI/Smal 
cut  pSP72 

pHCS220 

Plasmid  isolated  from  a high-copy  suppression  screen  of  a nab2A,  containing  an  ~10 
Kb  insert  in  YEpl3,  encoding  part  of  CHDl  and  all  of  PABl  and  YER166W 

pP  AB 1 . 1 

PABl  amplified  from  L4717  genomic  DNA  using  primers  MSS  and  MSS,  digested 
with  Xbal/BamHI  and  subcloned  into  Xbal/BamHI  cut  YEpl3 

pPABl.2 

PABl  amplified  from  L4717  genomic  DNA  using  primers  MSS  and  MSS,  digested 
with  Smal/BamHI  and  subcloned  into  Smal/BamHI  cut  YEp24 

pNAB2-HIS3-K.O. 

BamHI/EcoRI  HIS3  fragment  from  pJJ217  (Jones  and  Prakash,  1990  YEAST)  blunt- 
ended  and  subcloned  into  AvrII/Ndel  cut  and  blunt-ended  pNAB2.52 

pNAB2.52 

EcoRI/BamHI  fragment  from  pNAB2.19  subcloned  into  EcoRI/BamHI  cut  pSP73 
(Promega) 
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